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Preface to Second Editio n

The first edition of Pavement Analysis and Design was published in 1993. The wide -
spread adoption of this book by so many colleges as an undergraduate or graduate tex t
has encouraged me to write this second edition . A major event during the past decade
was the completion of the Strategic Highway Research Program (SHRP), which led t o
the development of the highly publicized 2002 Pavement Design Guide . However, at
the time of this writing, the final draft of the 2002 Guide is still not available . It will
likely be a few more years before the Guide is approved and implemented by the
American Association of State Highway and Transportation Officials (AASHTO) . For
this reason, only a brief preview of the 2002 Pavement Design Guide is presented, in a n
appendix .

Other than those improvements in the computer programs that necessitat e
changes in the text, not much is changed in the theoretical part of this book . Although
new procedures were developed by SHRP for material characterization and pavemen t
evaluation, these procedures, such as Superpave, are still in the developmental stag e
and will be subject to change as more experience is gained in their use. In this secon d
edition, Superpave is presented in an appendix . To extend the usefulness of the book, a
new appendix on Pavement Management System is added . It is hoped that a more ex -
tensive revision will be made in the third edition, after the 2002 Pavement Desig n
Guide is fully implemented and all the testing and evaluation procedures are finalized .
Major changes made in this edition are the following :

1. The floppy disk containing the four DOS programs is replaced by a CD contain-
ing a Windows program called KENPAVE, which combines the original KEN-
LAYER, LAYERINP, KENSLABS, and SLABSINP into a single package,
together with the addition of some computer graphics . The software was writte n
in Microsoft Visual Basic 6 .0 and can be run on any computer with Windows 95
or higher. Detailed instructions on the use of KENPAVE can be found in the
software program .

2. Section 13.5 on the AASHTO method of overlay design has been totally revised .
The 1986 AASHTO Design Guide was used in the first edition . The guide was re -
vised in 1993 with practically no change in the design of new pavements, but th e
design of overlay was completely rewritten .

3. New developments and information from the literature have been added to kee p
the book current . A new method based on the Mohr—Coulomb failure criterio n

ix



x Preface to the Second Editio n

has been added in KENLAYER for nonlinear analysis, and new comparisons ar e

made between KENLAYER and the latest Windows version of MICH-PAVE .

4. Three new appendices have been added : Appendix D—An Introduction to Su-

perpave; Appendix E—Pavement Management Systems ; and Appendix F—A

Preview of 2002 Design Guide. Appendix C is combined with Appendix B ; a ne w
Appendix C contains a brief description of KENPAVE .

5. To provide room for the above additions, Sections 3 .4 .3 (on contained rock as-

phalt mats) and 10 .5 (on probabilistic computer programs) have been deleted .

Also deleted from the appendices are the description of the input programs and

the programming details of KENLAYER and KENSLABS, such as subroutines

and flowcharts . The description of input and output parameters in Chapters 3

and 5 and the illustrative examples in the appendices also have been removed ,

because they can now be found in the software program .

I wish to acknowledge gratefully the contribution of my colleague, Dr . Kamyar C .
Mahboub, who wrote the appendices on Superpave and Pavement Management Sys-
tems. These new additions broaden the scope of this book and make it more suitabl e

for a wider audience. I also want to offer my heartfelt thanks to AASHTO, the Trans -

portation Research Board, the Federal Highway Administration, the Asphalt Institute ,
the Portland Cement Associations, and many others who have permitted the use of th e

information they developed. Finally, I would like to thank my wife Jane for her suppor t
in the use of our retirement time on this book.

YANG H . HUANG, Sc. D., P. E .
Professor Emeritus of Civil Engineerin g

University of Kentucky



Preface to First Edition

During the past two decades, I have been teaching a course on pavement analysis an d
design to both seniors and graduate students at the University of Kentucky . I had diffi-
culty finding a suitable textbook for the course because very few are available . There
are at least two reasons that a professor does not like to write a textbook on pavemen t
analysis and design . First, the subject is very broad . It covers both highway and airport
pavements and involves analysis, design, performance, evaluation, maintenance, reha -
bilitation, and management . It is difficult, if not impossible, to cover all these topics i n
sufficient detail to serve as a textbook with enough illustrative examples and home -
work problems for the students . Second, empirical methods have been used most fre-
quently for pavement analysis and design, and a book based on empirical procedure s
becomes out of date within a short time . No one is willing to write a book with such a
short life . Because of the above difficulties, I have written this book as an alternative . I
have limited the content to the structural analysis and design of highway pavement s
and covered essentially the mechanistic—empirical design procedures rather than the
purely empirical methods .

To facilitate the teaching of mechanistic—empirical methods, I have included tw o
computer programs that I developed for pavement analysis and design . These pro -
grams have been used by my students for more than ten years and have been constant -
ly updated and improved . They are original and contain salient features not available
elsewhere . For example, the KENLAYER program for flexible pavements can be ap-
plied to a multilayered system under stationary or moving multiple wheel loads wit h
each layer being either linear elastic, nonlinear elastic, or viscoelastic . The KENSLABS
program for rigid pavements can be applied to multiple slabs fully or partially support -
ed on a liquid, solid, or layered foundation with moment or shear transfer across the
joints . Both programs can perform damage analysis by dividing a year into a number o f
periods, each having a different set of material properties and subjected to varying
repetitions of different axle loads . These programs were originally written for an IB M
mainframe, but were later adapted to an IBM-PC and can be run by using the dis k
provided with this book .

In addition to the documentation of the computer programs, this book presents
the theory of pavement design and reviews the methods developed by several organi-
zations, such as the American Association of State Highway and Transportation Offi -
cials (AASHTO), the Asphalt Institute (AI), and the Portland Cement Associatio n
(PCA). Because most of the advanced theory and detailed information are presented
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Preface to the First Editio n

in the appendices, the book can be used as a text either for an undergraduate cours e

(by skipping the appendices) or for an advanced or graduate course (by includin g

them) . Although this book covers only the analysis and design of highway pavements ,

the same principles can be applied to airport pavements and railroad trackbeds .
This book is divided into 13 chapters . Chapter 1 introduces the historical devel -

opment of pavement design, the major road tests, the various design factors, and th e
differences in design concepts among highway pavements, airport pavements, and rail -

road trackbeds . Chapter 2 discusses stresses and strains in flexible pavements, includ-
ing the analysis of homogeneous mass and layered systems composed of linear elastic ,

nonlinear elastic, and linear viscoelastic materials . Simplified charts and tables for de -

termining stresses and strains are also presented . Chapter 3 presents the KENLAYER

computer program, based on Burmister 's layered theory, including theoretical devel-
opments, program description, comparison with available solutions, and sensitivit y

analysis on the effect of various factors on pavement responses. Chapter 4 discusse s

stresses and deflections in rigid pavements due to curling, loading, and friction, plus the

design of dowels and joints. Influence charts for determining stresses and deflection s

are also presented . Chapter 5 presents the KENSLABS computer program, based o n
the finite-element method, including theoretical developments, program description ,

comparison with available solutions, and sensitivity analysis . Chapter 6 discusses th e
concept of equivalent single-wheel and single-axle loads and the prediction of traffic .
Chapter 7 describes the material characterization for mechanistic—empirical methods
of pavement design, including the determination of resilient modulus, of fatigue an d

permanent deformation properties, and of the modulus of subgrade reaction . Their

correlations with other empirical tests are also presented . Chapter 8 outlines the

subdrainage design, including general principles, drainage materials, and design proce -

dures . Chapter 9 discusses pavement performance, including distress, serviceability ,

skid resistance, nondestructive testing, and the evaluation of pavement performance .

Chapter 10 illustrates the reliability concept of pavement design in which the variabili-

ties of traffic, material, and geometric parameters are all taken into consideration . A

simple and powerful probabilistic procedure, originally developed by Rosenblueth, i s
described, and two probabilistic computer programs—VESYS (for flexible pave-
ments) and PMRPD (for rigid pavements)—are discussed . Chapter 11 outlines an ide -
alistic mechanistic method of flexible pavement design and presents in detail th e
Asphalt Institute method and the AASHTO method, plus the design of flexible pave-
ment shoulders . Chapter 12 outlines an idealistic mechanistic method of rigid pave-
ment design and presents in detail the Portland Cement Association method and th e

AASHTO method . The design of continuous reinforced concrete pavements and rigid

pavement shoulders is also included . Chapter 13 outlines methods of design of overlay s

on both flexible and rigid pavements, including the AASHTO, the Al, and the PCA

procedures. More advanced theory and detailed information related to some of th e

chapters, plus a list of symbols and references, are included in the appendices .
Other than the empirical AASHTO methods used by many state highway de-

partments, this book emphasizes principally the mechanistic-empirical method of de -

sign. With the availability of personal computers and of sophisticated methods o f
material testing, the trend toward mechanistic—empirical methods is quite apparent . It
is believed that a book based on mechanistic—empirical methods is more interesting
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and challenging than one based on empirical methods . This book, with the accompany-
ing computer programs and the large number of illustrative examples, will serve as a
classroom text and useful reference for people interested in learning about the struc-
tural analysis and design of highway pavements .

Although considerable portions of the materials presented in this book were de-
veloped by myself through years of research, teaching, and engineering practice, much
information was obtained from the published literature . Grateful acknowledgment is
offered to AASHTO, the Asphalt Institute, the Federal Highway Administration, th e
Portland Cement Association, the Transportation Research Board, and many other or-
ganizations and individuals that have permitted me to use the information they devel-
oped. The many helpful comments by James Lai, Professor of Civil Engineering,
Georgia Institute of Technology, are highly appreciated .

YANG H . HUANG, Sc. D., P. E .
Professor of Civil Engineering

University of Kentucky



Introductio n

1 .1

	

HISTORICAL DEVELOPMENT S

Although pavement design has gradually evolved from art to science, empiricism stil l
plays an important role even up to the present day . Prior to the early 1920s, the thick -
ness of pavement was based purely on experience. The same thickness was used for a
section of highway even though widely different soils were encountered . As experience
was gained throughout the years, various methods were developed by different agencie s
for determining the thickness of pavement required . It is neither feasible nor desirable t o
document all the methods that have been used so far . Only a few typical methods will
be cited to indicate the trend .

Some technical terms will be used in this introductory and review chapter . It is pre -
sumed that the students using this book as a text are seniors or graduate students who
have taken courses in transportation engineering, civil engineering materials, and soi l
mechanics and are familiar with these terms . In case this is not true, these terms can b e
ignored for the time being, because most are explained and clarified in later chapters .

1 1 .1 Flexible Pavements

Flexible pavements are constructed of bituminous and granular materials . The firs t
asphalt roadway in the United States was constructed in 1870 at Newark, New Jersey .
The first sheet-asphalt pavement, which is a hot mixture of asphalt cement with clean ,
angular, graded sand and mineral filler, was laid in 1876 on Pennsylvania Avenue i n
Washington, D.C., with imported asphalt from Trinidad Lake. As of 2001 (FHWA ,
2001), there are about 2 .5 million miles of paved roads in the United States, of whic h
94% are asphalt surfaced .

Design Methods Methods of flexible pavement design can be classified into five
categories: empirical method with or without a soil strength test, limiting shear failur e
method, limiting deflection method, regression method based on pavement perfor-
mance or road test, and mechanistic–empirical method .

1
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Chapter 1

	

Introduction

Empirical Methods The use of the empirical method without a strength tes t
dates back to the development of the Public Roads (PR) soil classification system
(Hogentogler and Terzaghi, 1929), in which the subgrade was classified as uniform fro m
A-1 to A-8 and nonuniform from B-1 to B-3 . The PR system was later modified by the
Highway Research Board (HRB, 1945), in which soils were grouped from A-1 to A- 7
and a group index was added to differentiate the soil within each group . Steele (1945 )
discussed the application of HRB classification and group index in estimating the sub -
base and total pavement thickness without a strength test . The empirical method with a
strength test was first used by the California Highway Department in 1929 (Porter ,
1950) . The thickness of pavements was related to the California Bearing Ratio (CBR) ,
defined as the penetration resistance of a subgrade soil relative to a standard crushe d
rock. The CBR method of design was studied extensively by the U .S. Corps of Engineers
during World War II and became a very popular method after the war .

The disadvantage of an empirical method is that it can be applied only to a give n
set of environmental, material, and loading conditions . If these conditions are changed ,
the design is no longer valid, and a new method must be developed through trial an d
error to be conformant to the new conditions .

Limiting Shear Failure Methods The limiting shear failure method is used t o
determine the thickness of pavements so that shear failures will not occur . The major
properties of pavement components and subgrade soils to be considered are their co-
hesion and angle of internal friction . Barber (1946) applied Terzaghi's bearing capacity
formula (Terzaghi, 1943) to determine pavement thickness . McLeod (1953) advocated
the use of logarithmic spirals to determine the bearing capacity of pavements. These
methods were reviewed by Yoder (1959) in his book Principles of Pavement Design ,
but were not even mentioned in the second edition (Yoder and Witczak, 1975) . This is
not surprising because, with the ever increasing speed and volume of traffic, pavements
should be designed for riding comfort rather than for barely preventing shear failures .

Limiting Deflection Methods The limiting deflection method is used to determine
the thickness of pavements so that the vertical deflection will not exceed the allowabl e
limit . The Kansas State Highway Commission (1947) modified Boussinesq's equatio n
(Boussinesq, 1885) and limited the deflection of subgrade to 0.1 in. (2 .54 mm). The U.S.
Navy (1953) applied Burmister's two-layer theory (Burmister, 1943) and limited the sur -
face deflection to 0 .25 in . (6 .35 mm) . The use of deflection as a design criterion has the ap -
parent advantage that it can be easily measured in the field . Unfortunately, pavement
failures are caused by excessive stresses and strains instead of deflections.

Regression Methods Based on Pavement Performance or Road Tests A good ex-
ample of the use of regression equations for pavement design is the AASHTO method
based on the results of road tests. The disadvantage of the method is that the desig n
equations can be applied only to the conditions at the road test site. For conditions other
than those under which the equations were developed, extensive modifications based o n
theory or experience are needed . Regression equations can also be developed from
the performance of existing pavements, such as those used in the pavement evaluatio n
systems COPES (Darter et al., 1985) and EXPEAR (Hall et aL,1989) . Unlike pavements



1 .1 Historical Developments

	

3

subjected to road tests, the materials and construction of these pavements were not
well controlled, so a wide scatter of data and a large standard error are expected . Al -
though these equations can illustrate the effect of various factors on pavemen t
performance, their usefulness in pavement design is limited because of the man y
uncertainties involved .

Mechanistic–Empirical Methods The mechanistic–empirical method of desig n
is based on the mechanics of materials that relates an input, such as a wheel load, to a n
output or pavement response, such as stress or strain . The response values are used to
predict distress from laboratory-test and field-performance data . Dependence o n
observed performance is necessary because theory alone has not proven sufficient t o
design pavements realistically .

Kerkhoven and Dormon (1953) first suggested the use of vertical compressive
strain on the surface of subgrade as a failure criterion to reduce permanent deforma -
tion: Saal and Pell (1960) recommended the use of horizontal tensile strain at th e
bottom of asphalt layer to minimize fatigue cracking, as shown in Figure 1 .1 . The use o f
the above concepts for pavement design was first presented in the United States b y
Dormon and Metcalf (1965) .

The use of vertical compressive strain to control permanent deformation is based
on the fact that plastic strains are proportional to elastic strains in paving materials .
Thus, by limiting the elastic strains on the subgrade, the elastic strains in other compo-
nents above the subgrade will also be controlled ; hence, the magnitude of permanent
deformation on the pavement surface will be controlled in turn . These two criteria
have since been adopted by Shell Petroleum International (Claussen et al., 1977) and
by the Asphalt Institute (Shook et al ., 1982) in their mechanistic–empirical methods o f
design . The advantages of mechanistic methods are the improvement in the reliability
of a design, the ability to predict the types of distress, and the feasibility to extrapolat e
from limited field and laboratory data .

The term "hot mix asphalt" in Figure 1 .1 is synonymous with the commonly use d
"asphalt concrete ." It is an asphalt aggregate mixture produced at a batch or dru m
mixing facility that must he mixed, spread, and compacted at an elevated temperature .
To avoid the confusion between portland cement concrete (PCC) and asphalt concrete
(AC) . the term hot mix concrete (HMA) will be used frequently throughout this boo k
in place of asphalt concrete .

FIGURE 1 . 1

Suberade
Tensile and compressive strains i n
flexible pavements .

+
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Introductio n

Other Developments Other developments in flexible pavement design include th e
application of computer programs, the incorporation of serviceability and reliability ,
and the consideration of dynamic loading .

Computer Programs Various computer programs based on Burmister's layere d
theory have been developed . The earliest and the best known is the CHEV program de-
veloped by the Chevron Research Company (Warren and Dieckmann, 1963) . The pro -
gram can be applied only to linear elastic materials but was modified by the Asphal t
Institute in the DAMA program to account for nonlinear elastic granular material s
(Hwang and Witczak, 1979) . Another well-publicized program is BISAR, developed b y
Shell, which considers not only vertical loads but also horizontal loads (De Jong et al. ,
1973) . Another program, originally developed at the University of California, Berkeley ,
and later adapted to microcomputers, is ELSYM5, for elastic five-layer systems unde r
multiple wheel loads (Kopperman et al., 1986) . Using the layered theory with stress -
dependent material properties, Finn et al. (1986) developed a computer program name d
PDMAP (Probabilistic Distress Models for Asphalt Pavements) for predicting the fa-
tigue cracking and rutting in asphalt pavements. They found that the critical responses
obtained from PDMAP compared favorably with SAPIV, which is a finite-element stres s
analysis program developed at the University of California, Berkeley .

Khazanovich and loannides (1995) developed a computer program (calle d
DIPLOMAT) in which the Burmister's multilayered system was extended to include a
number of elastic plates and spring beds . The program in its present form deals only
with interior loading and is therefore of limited application, because a rigid layer o f
concrete can be considered as one of the multilayers, as illustrated in Section 5 .3 .4, and
there is really no need to treat the concrete slab as a separate plate unless the load is
applied near an edge or a discontinuous boundary .

A major disadvantage of the layered theory is the assumption that each layer is ho -
mogeneous with the same properties throughout the layer . This assumption makes it dif -
ficult to analyze layered systems composed of nonlinear materials, such as untreate d
granular bases and subbases. The elastic modulus of these materials is stress dependen t
and varies throughout the layer, so a question immediately arises : Which point in the
nonlinear layer should be selected to represent the entire layer? If only the most critica l
stress, strain, or deflection is desired, as is usually the case in pavement design, a poin t
near to the applied load can be reasonably selected . However, if the stresses, strains, or
deflections at different points, some near to and some far away from the load, are desired ,
it will be difficult to use the layered theory for analyzing nonlinear materials . This diffi -
culty can be overcome by using the finite-element method .

Duncan et al. (1968) first applied the finite-element method for the analysis of flexi -
ble pavements. The method was later incorporated in the ILLI-PAVE computer progra m
(Raad and Figueroa, 1980) . The large amount of computer time and storage require d
means that the program has not been used for routine design purposes . However, a num-
ber of regression equations, based on the responses obtained by ILLI-PAVE, were devel -
oped for use in design (Thompson and Elliot, 1985 ; Gomez-Achecar and Thompson ,
1986) . The nonlinear finite-element method was also used in the MICH-PAVE computer
program developed at Michigan State University (Harichandran et al., 1989) . More infor -
mation about ILLI-PAVE and MICH-PAVE is presented in Section 3 .3 .2 .
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Serviceability and Reliability As a result of the AASHO Road Test, Carey
and Irick (1960) developed the pavement serviceability performance concept and in-
dicated that pavement thickness should also depend on the terminal serviceabilit y
index required . Lemer and Moavenzadeh (1971) presented the concept of reliability
as a pavement design factor, and a probabilistic computer program called VESYS wa s
developed for analyzing a three-layer viscoelastic pavement system (Moavenzade h
et a1 .,1974) . This program, which incorporated the concepts of serviceability and reli -
ability, was modified by the Federal Highway Administration (FHWA, 1978 ; Kenis ,
1977), and several versions of the VESYS program were developed (Lai, 1977;
Rauhut and Jordahl, 1979 ; Von Quintus, et al., 1988 ; Jordahl and Rauhut, 1983 ; Brade -
meyer, 1988) . The reliability concept was also incorporated in the Texas flexible pave -
ment design system (Darter et al., 1973b) and in the AASHTO Design Guide
(AASHTO, 1986) . Although the AASHTO procedures are basically empirical, the re -
placements of the empirical soil support value by the subgrade resilient modulus an d
the empirical layer coefficients by the resilient modulus of each layer clearly indicate
the trend toward mechanistic methods . The resilient modulus is the elastic modulu s
under repeated loads ; it can be determined by laboratory tests. Details about resilient
modulus are presented in Section 7 .1, serviceability in Section 9 .2, and reliability in
Chapter 10 .

Dynamic Loads All of the methods discussed so far are based on static or movin g
loads and do not consider the inertia effects due to dynamic loads . Mamlouk (1987) de -
scribed a computer program capable of considering the inertial effect and indicated tha t
the effect is most pronounced when shallow bedrock or frozen subgrade is encountered ;
it becomes more important for vibratory than for impulse loading. The program require s
a large amount of computer time to run and is limited to the analysis of linear elastic ma -
terials. The inclusion of inertial effect for routine pavement design involving nonlinear
elastic and viscoelastic materials is still a dream to be realized in the future .

Research by Monismith et al. (1988) showed that, for asphalt concrete pavements,
it was unnecessary to perform a complete dynamic analysis . Inertia effects can be ignored
and the local dynamic response can thus be determined by an essentially static metho d
using material properties compatible with the rate of loading . However, under impulse
loading, a dynamic problem of more immediate interest is the effect of vehicle dynamic s
on pavement design . Current design procedures do not consider the damage caused by
pavement roughness. As trucks become larger and heavier, some benefits can be gaine d
by designing proper suspension systems to minimize the damage effect .

1 .1 .2 Rigid Pavements

Rigid pavements are constructed of Portland cement concrete . The first concrete pave -
ment was built in Bellefontaine, Ohio in 1893 (Fitch, 1996), 15 years earlier than th e
one constructed in Detroit, Michigan, in 1908, as mentioned in the first edition . As of
2001, there were about 59,000 miles (95,000 km) of rigid pavements in the Unite d
States . The development of design methods for rigid pavements is not as dramatic a s
that of flexible pavements, because the flexural stress in concrete has long bee n
considered as a major, or even the only, design factor .
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Analytical Solutions Analytical solutions ranging from simple closed-form formula s
to complex derivations are available for determining the stresses and deflections in

concrete pavements .

Goldbeck's Formula By treating the pavement as a cantilever beam with a load

concentrated at the corner, Goldbeck (1919) developed a simple equation for th e
design of rigid pavements, as indicated by Eq . 4 .12 in Chapter 4 . The same equation
was applied by Older (1924) in the Bates Road Test .

Westergaard's Analysis Based on Liquid Foundations The most extensive the-

oretical studies on the stresses and deflections in concrete pavements were made by

Westergaard (1926a, 1926b, 1927, 1933, 1939, 1943, 1948), who developed equations du e

to temperature curling as well as three cases of loading : load applied near the corner of

a large slab, load applied near the edge of a large slab but at a considerable distanc e

from any corner, and load applied at the interior of a large slab at a considerable dis-
tance from any edge. The analysis was based on the simplifying assumption that the re -
active pressure between the slab and the subgrade at any given point is proportional t o

the deflection at that point, independent of the deflections at any other points . Thi s

type of foundation is called a liquid or Winkler foundation . Westergaard also assumed

that the slab and subgrade were in full contact .
In conjunction with Westergaard's investigation, the U.S. Bureau of Public Roads

conducted, at the Arlington Experimental Farm, Virginia, an extensive investigation o n
the structural behavior of concrete pavements . The results were published in Public

Roads from 1935 to 1943 as a series of six papers and reprinted as a single volume fo r
wider distribution (Teller and Sutherland, 1935-1943) .

In comparing the critical corner stress obtained from Westergaar d ' s corner formula
with that from field measurements, Pickett found that Westergaard's corner formula ,
based on the assumption that the slab and subgrade were in full contact, always yield -

ed a stress that was too small . By assuming that part of the slab was not in contact wit h

the subgrade, he developed a semiempirical formula that was in good agreement wit h

experimental results . Pickett's corner formula (PCA, 1951), with a 20% allowance fo r

load transfer, was used by the Portland Cement Association until 1966, when a new
method based on the stress at the transverse joint was developed (PCA, 1966) .

The PCA method was based on Westergaard ' s analysis. However, in determinin g
the stress at the joint, the PCA assumed that there was no load transfer across the joint ,
so the stress thus determined was similar to the case of edge loading with a different
tire orientation. The replacement of corner loading by the stress at the joint was due t o
the use of a 12-ft-wide (3 .63-m) lane with most traffic moving away from the corner .
The PCA method was revised again in 1984, in which an erosion criterion based on th e
corner deflection, in addition to the fatigue criterion based on the edge stress, wa s

employed (PCA, 1984) .

Pickett's Analysis Based on Solid Foundations In view of the fact that the actual

subgrade behaved more like an elastic solid than a dense liquid, Pickett et al. (1951) de -

veloped theoretical solutions for concrete slabs on an elastic half-space . The complexi -
ties of the mathematics involved have denied this refined method the attention it
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merits . However, a simple influence chart based on solid foundations was developed by
Pickett and Badaruddin (1956) for determining the edge stress, which is presented in
Section 5 .3 .2 .

Numerical Solutions All the analytical solutions mentioned above were based on th e
assumption that the slab and the subgrade are in full contact . It is well known that, du e
to pumping, temperature curling, and moisture warping, the slab and subgrade are usu -
ally not in contact . With the advent of computers and numerical methods, some analy -
ses based on partial contact were developed .

Discrete-Element Methods Hudson and Matlock (1966) applied the discrete -
element method by assuming the subgrade to be a dense liquid . The discrete-element
method is more or less similar to the finite-difference method in that the slab is seen a s
an assemblage of elastic joints, rigid bars, and torsional bars . The method was late r
extended by Saxena (1973) for analyzing slabs on an elastic solid foundation .

Finite-Element Methods With the development of the powerful finite-elemen t
method, a break-through was made in the analysis of rigid pavements . Cheung an d
Zienkiewicz (1965) developed finite-element methods for analyzing slabs on elasti c
foundations of both liquid and solid types. The methods were applied to jointed slab s
on liquid foundations by Huang and Wang (1973, 1974) and on solid foundations by
Huang (1974a) . In collaboration with Huang (Chou and Huang, 1979, 1981, 1982) ,
Chou (1981) developed finite-element computer programs named WESLIQID an d
WESLAYER for the analysis of liquid and layered foundations, respectively . The con-
sideration of foundation as a layered system is more realistic when layers of base an d
subbase exist above the subgrade . Other finite-element computer programs availabl e
include ILLI-SLAB developed at the University of Illinois (Tabatabaie and Baren-
berg,1979,1980), JSLAB developed by the Portland Cement Association (Tayabji an d
Colley, 1986), and RISC developed by Resource International, Inc . (Majidzadeh et al . ,
1984) . The general-purpose 3-D finite-element package ABAQUS (1993) was used i n
simulating pavements involving nonlinear subgrade under dynamic loading (Zaghlou l
and White, 1994) and in investigating the effects of discontinuity on the response of a
jointed plain concrete pavement under a standard falling weight deflectometer loa d
(Uddin et al., 1995) .

Other Developments Even though theoretical methods are helpful in improving and
extrapolating design procedures, the knowledge gained from pavement performance i s
the most important. Westergaard (1927), who contributed so much to the theory o f
concrete pavement design, was one of the first to recognize that theoretical results
need to be checked against pavement performance. In addition to the above theoreti-
cal developments, the following events are worthy of note .

Fatigue of Concrete An extensive study was made by the Illinois Division o f
Highways during the Bates Road Test on the fatigue properties of concrete (Clemmer ,
1923) . It was found that an induced flexural stress could be repeated indefinitely with -
out causing rupture, provided the intensity of extreme fiber stress did not exceed
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approximately 50% of the modulus of rupture, and that, if the stress ratio was abov e

50%, the allowable number of stress repetitions to cause failures decreased drasticall y

as the stress ratio increased . Although the arbitrary use of 50% stress ratio as a dividin g
line was not actually proved, this assumption has been used most frequently as a basi s

for rigid pavement design . To obtain a smoother fatigue curve, the current PCA metho d

assumes a stress ratio of 0.45, below which no fatigue damage need be considered .

Pumping With increasing truck traffic, particularly just before World War II, i t

became evident that subgrade type played an important role in pavement perfor-
mance . The phenomenon of pumping, which is the ejection of water and subgrade soil s
through joints and cracks and along the pavement edge, was first described by Gag e

(1932) . After pavement pumping became critical during the war, rigid pavements wer e
constructed on granular base courses of varying thickness to protect against loss o f

subgrade support due to pumping. Many studies were made on the design of bas e

courses for the correction of pumping.

Probabilistic Methods The application of probabilistic concepts to rigid pave-
ment design was presented by Kher and Darter (1973), and the concepts were incorpo-
rated into the AASHTO design guide (AASHTO, 1986) . Huang and Sharpe (1989)

developed a finite-element probabilistic computer program for the design of rigid
pavements and showed that the use of a cracking index in a reliability context was fa r

superior to the current deterministic approach .

1 .2

	

PAVEMENT TYPE S

There are three major types of pavements : flexible or asphalt pavements, rigid or con -

crete pavements, and composite pavements .

1 .2 .1

	

Flexible Pavements

Flexible pavements can be analyzed by Burmister's layered theory, which is discussed

in Chapters 2 and 3 . A major limitation of the theory is the assumption of a layered

system infinite in areal extent . This assumption makes the theory inapplicable to rigid

pavements with transverse joints . Nor can the layered theory be applied to rigid pave -

ments when the wheel loads are less than 2 or 3 ft (0.6 or 0.9 m) from the pavement
edge, because discontinuity causes a large stress at the edge . Its application to flexibl e
pavements is validated by the limited area of stress distribution through flexible mate -

rials . As long as the wheel load is more than 2 ft (0.61 m) from the edge, the disconti -

nuity at the edge has very little effect on the critical stresses and strains obtained .

Conventional Flexible Pavements Conventional flexible pavements are layere d
systems with better materials on top where the intensity of stress is high and inferior
materials at the bottom where the intensity is low . Adherence to this design principle
makes possible the use of local materials and usually results in a most economica l
design. This is particularly true in regions where high-quality materials are expensive
but local materials of inferior quality are readily available .
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Figure 1 .2 shows the cross section of a conventional flexible pavement . Starting
from the top, the pavement consists of seal coat, surface course, tack coat, binde r
course, prime coat, base course, subbase course, compacted subgrade, and natural sub -
grade. The use of the various courses is based on either necessity or economy, and some
of the courses may be omitted .

Seal Coat Seal coat is a thin asphalt surface treatment used to waterproof th e
surface or to provide skid resistance where the aggregates in the surface course coul d
be polished by traffic and become slippery . Depending on the purpose, seal coats migh t
or might not be covered with aggregate . Details about skid resistance are presented in
Section 9 .3 .

Surface Course The surface course is the top course of an asphalt pavement ,
sometimes called the wearing course. It is usually constructed of dense graded HMA . It
must be tough to resist distortion under traffic and provide a smooth and skid-resistan t
riding surface . It must be waterproof to protect the entire pavement and subgrade fro m
the weakening effect of water . If the above requirements cannot be met, the use of a
seal coat is recommended .

Binder Course The binder course, sometimes called the asphalt base course, i s
the asphalt layer below the surface course. There are two reasons that a binder cours e
is used in addition to the surface course . First, the HMA is too thick to be compacted i n
one layer, so it must be placed in two layers . Second, the binder course generally con-
sists of larger aggregates and less asphalt and does not require as high a quality as th e
surface course, so replacing a part of the surface course by the binder course results i n
a more economical design . If the binder course is more than 3 in . (76 mm), it is gener -
ally placed in two layers .

Tack Coat and Prime Coat A tack coat is a very light application of asphalt ,
usually asphalt emulsion diluted with water, used to ensure a bond between the surface
being paved and the overlying course. It is important that each layer in an asphal t

Seal Coat _'

	

Surface Course 1—2 in

Tack Coat )

	

Binder Course 2—4 in

Prime Coat )

	

Base Course 4—12 i

Subbase Course 4—12 is

Compacted Subgrade 6 in .

Natural Subgrade

FIGURE 1 .2

Typical cross section of a conventional flexible pavement (1 in . = 25 .4 mm) .
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pavement be bonded to the layer below. Tack coats are also used to bond the asphal t
layer to a PCC base or an old asphalt pavement . The three essential requirements of a
tack coat are that it must be very thin, it must uniformly cover the entire surface to b e
paved, and it must be allowed to break or cure before the HMA is laid .

A prime coat is an application of low-viscosity cutback asphalt to an absorben t
surface, such as an untreated granular base on which an asphalt layer will be placed . It s
purpose is to bind the granular base to the asphalt layer. The difference between a tack
coat and a prime coat is that a tack coat does not require the penetration of asphalt
into the underlying layer, whereas a prime coat penetrates into the underlying layer ,
plugs the voids, and forms a watertight surface . Although the type and quantity of
asphalt used are quite different, both are spray applications .

Base Course and Subbase Course The base course is the layer of material im-
mediately beneath the surface or binder course . It can be composed of crushed stone ,
crushed slag, or other untreated or stabilized materials . The subbase course is the layer
of material beneath the base course . The reason that two different granular material s
are used is for economy. Instead of using the more expensive base course material fo r
the entire layer, local and cheaper materials can be used as a subbase course on top o f
the subgrade . If the base course is open graded, the subbase course with more fines can
serve as a filter between the subgrade and the base course .

Subgrade The top 6 in . (152 mm) of subgrade should be scarified and compacted
to the desirable density near the optimum moisture content . This compacted subgrad e
may be the in-situ soil or a layer of selected material .

Full-Depth Asphalt Pavements Full-depth asphalt pavements are constructed by plac -
ing one or more layers of HMA directly on the subgrade or improved subgrade . This con -
cept was conceived by the Asphalt Institute in 1960 and is generally considered the mos t
cost-effective and dependable type of asphalt pavement for heavy traffic . This type o f
construction is quite popular in areas where local materials are not available. It is more
convenient to purchase only one material, i .e ., HMA, rather than several materials fro m
different sources, thus minimizing the administration and equipment costs .

Figure 1 .3 shows the typical cross section for a full-depth asphalt pavement . The
asphalt base course in the full-depth construction is the same as the binder course i n
conventional pavement . As with conventional pavement, a tack coat must be applie d
between two asphalt layers to bind them together .

Asphalt Surface
	 	 t 	 2 to 4 in .

2 to 20 in .
FIGURE 1 . 3

Typical cross-section of a full-depth asphal t
pavement (1 in . = 25 .4 mm) .

Asphalt Base

Prepared Subgrade
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According to the Asphalt Institute (AI, 1987), full-depth asphalt pavements hav e
the following advantages :

1. They have no permeable granular layers to entrap water and impai r
performance .

2. Time required for construction is reduced . On widening projects, where adjacent
traffic flow must usually be maintained, full-depth asphalt can be especially
advantageous .

3. When placed in a thick lift of 4 in . (102 mm) or more, construction seasons may
be extended .

4. They provide and retain uniformity in the pavement structure .
5. They are less affected by moisture or frost .
6. According to limited studies, moisture contents do not build up in subgrades

under full-depth asphalt pavement structures as they do under pavements with
granular bases . Thus, there is little or no reduction in subgrade strength .

1 .2 .2 Rigid Pavements

Rigid pavements are constructed of portland cement concrete and should be analyze d
by the plate theory, instead of the layered theory. Plate theory is a simplified version of
the layered theory that assumes the concrete slab to be a medium thick plate with a
plane before bending which remains a plane after bending . If the wheel load is applie d
in the interior of a slab, either plate or layered theory can be used and both shoul d
yield nearly the same flexural stress or strain, as discussed in Section 5 .3 .4 . If the whee l
load is applied near to the slab edge, say less than 2 ft (0 .61 m) from the edge, only th e
plate theory can be used for rigid pavements . The reason that the layered theory is ap -
plicable to flexible pavements but not to rigid pavements is that PCC is much stiffe r
than HMA and distributes the load over a much wider area . Therefore, a distance of 2 ft
(0.61 m) from the edge is considered quite far in a flexible pavement but not fa r
enough in a rigid pavement . The existence of joints in rigid pavements also makes th e
layered theory inapplicable . Details of plate theory are presented in Chapters 4 and 5 .

Figure 1 .4 shows a typical cross section for rigid pavements . In contrast to flexibl e
pavements, rigid pavements are placed either directly on the prepared subgrade or o n
a single layer of granular or stablized material . Because there is only one layer o f
material under the concrete and above the subgrade, some call it a base course, other s
a subbase .

Portland Cement Concrete

Base or Subbase Course May or May Not Be Used

FIGURE 1 . 4

Typical cross section of a rigid pavement (1 in . = 25.4 mm) .

6—12 in .

4—12 in .
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FIGURE 1 . 5
Pumping of rigid pavement .

Use of Base Course Early concrete pavements were constructed directly on the sub -
grade without a base course. As the weight and volume of traffic increased, pumpin g
began to occur, and the use of a granular base course became quite popular . When
pavements are subject to a large number of very heavy wheel loads with free water on
top of the base course, even granular materials can be eroded by the pulsative action o f
water . For heavily traveled pavements, the use of a cement-treated or asphalt-treate d

base course has now become a common practice .
Although the use of a base course can reduce the critical stress in the concrete, it

is uneconomical to build a base course for the purpose of reducing the concrete stress .
Because the strength of concrete is much greater than that of the base course, the sam e
critical stress in the concrete slab can be obtained without a base course by slightl y
increasing the concrete thickness . The following reasons have been frequently cited fo r
using a base course .

Control of Pumping Pumping is defined as the ejection of water and subgrad e
soil through joints and cracks and along the edges of pavements, caused by downwar d

slab movements due to heavy axle loads . The sequence of events leading to pumpin g
includes the creation of void space under the pavement caused by the temperatur e
curling of the slab and the plastic deformation of the subgrade, the entrance of water ,
the ejection of muddy water, the enlargement of void space, and finally the faulting an d

cracking of the leading slab ahead of traffic. Pumping occurs under the leading slab
when the trailing slab rebounds, which creates a vacuum and sucks the fine materia l
from underneath the leading slab, as shown in Figure 1 .5 . The corrective measures fo r
pumping include joint sealing, undersealing with asphalt cements, and muck jackin g
with soil cement .

Three factors must exist simultaneously to produce pumping :

1. The material under the concrete slab must be saturated with free water . If the
material is well drained, no pumping will occur. Therefore, good drainage is one
of the most efficient ways to prevent pumping .

2. There must be frequent passage of heavy wheel loads . Pumping will take place

only under heavy wheel loads with large slab deflections . Even under very heavy

loads, pumping will occur only after a large number of load repetitions .

3. The material under the concrete slab must be erodible . The erodibility of a materi-
al depends on the hydrodynamic forces created by the dynamic action of moving
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wheel loads. Any untreated granular materials, and even some weakly cemente d

materials, are erodible because the large hydrodynamic pressure will transpor t
the fine particles in the subbase or subgrade to the surface . These fine particle s

will go into suspension and cause pumping .

Control of Frost Action Frost action is detrimental to pavement performance.
It results in frost heave, which causes concrete slabs to break and softens the subgrad e
during the frost-melt period . In northern climates, frost heave can reach several inche s
or more than one foot . The increase in volume of 9% when water becomes frozen i s
not the real cause of frost heave . For example, if a soil has a porosity of 0 .5 and is sub -
jected to a frost penetration of 3 ft (0 .91 m), the amount of heave due to 9% increase in
volume is 0 .09 x 3 x 0 .5 = 0.135 ft or 1 .62 in . (41 mm), which is much smaller tha n
the 6 in . (152 mm) or more of heave experienced in such climate .

Frost heave is caused by the formation and continuing expansion of ice lenses.
After a period of freezing weather, frost penetrates into the pavement and subgrade, a s
indicated by the depth of frost penetration in Figure 1 .6 . Above the frost line, the tem -
perature is below the ordinary freezing point for water . The water will freeze in the
larger voids but not in the smaller voids where the freezing point may be depressed a s
low as 23°F (-5°C) .

When water freezes in the larger voids, the amount of liquid water at that poin t
decreases. The moisture deficiency and the lower temperature in the freezing zone in -
crease the capillary tension and induce flow toward the newly formed ice . The adjacent
small voids are still unfrozen and act as conduits to deliver the water to the ice . If ther e
is no water table or if the subgrade is above the capillary zone, only scattered and smal l
ice lenses can be formed . If the subgrade is above the frost line and within the capillar y
fringe of the groundwater table, the capillary tension induced by freezing sucks u p
water from the water table below. The result is a great increase in the amount of wate r
in the freezing zone and the segregation of water into ice lenses . The amount of heave
is at least as much as the combined lens thicknesses.

Three factors must be present simultaneously to produce frost action :

1. The soil within the depth of frost penetration must be frost susceptible . It should
be recognized that silt is more frost susceptible than clay because it has both hig h

Surface Cours e

Base Cours e
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Capillary Action
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FIGURE 1 . 6
Formation of ice lenses, due to frost action .
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capillarity and high permeability. Although clay has a very high capillarity, it s
permeability is so low that very little water can be attracted from the water tabl e
to form ice lenses during the freezing period. Soils with more than 3% finer tha n
0 .02 mm are generally frost susceptible, except that uniform fine sands with mor e
than 10% finer than 0 .02 mm are frost susceptible .

2. There must be a supply of water . A high water table can provide a continuou s

supply of water to the freezing zone by capillary action . Lowering the water tabl e
by subsurface drainage is an effective method to minimize frost action .

3. The temperature must remain freezing for a sufficient period of time . Due to the
very low permeability of frost-susceptible soils, it takes time for the capillar y
water to flow from the water table to the location where the ice lenses ar e
formed. A quick freeze does not have sufficient time to form ice lenses of an y
significant size.

Improvement of Drainage When the water table is high and close to th e
ground surface, a base course can raise the pavement to a desirable elevation above th e
water table. When water seeps through pavement cracks and joints, an open-grade d
base course can carry it away to the road side . Cedergren (1988) recommends the us e
of an open-graded base course under every important pavement to provide an interna l
drainage system capable of rapidly removing all water that enters .

Control ofShrinkage and Swell When moisture changes cause the subgrade t o
shrink and swell, the base course can serve as a surcharge load to reduce the amount o f
shrinkage and swell . A dense-graded or stabilized base course can serve as a water -
proofing layer, and an open-graded base course can serve as a drainage layer . Thus, the
reduction of water entering the subgrade further reduces the shrinkage and swel l

potentials.

Expedition of Construction A base course can be used as a working platfor m
for heavy construction equipment . Under inclement weather conditions, a base cours e
can keep the surface clean and dry and facilitate the construction work .

As can be seen from the above reasoning, there is always a necessity to build a
base course. Consequently, base courses have been widely used for rigid pavements .

Types of Concrete Pavement Concrete pavements can be classified into four types :
jointed plain concrete pavement (JPCP), jointed reinforced concrete pavement
(JRCP), continuous reinforced concrete pavement (CRCP), and prestressed concret e
pavement (PCP) . Except for PCP with lateral prestressing, a longitudinal joint shoul d
be installed between two traffic lanes to prevent longitudinal cracking . Figure 1 .7
shows the major characteristics of these four types of pavements .

Jointed Plain Concrete Pavements All plain concrete pavements should b e
constructed with closely spaced contraction joints . Dowels or aggregate interlocks ma y
be used for load transfer across the joints. The practice of using or not using dowel s
varies among the states . Dowels are used most frequently in the southeastern states ,
aggregate interlocks in the western and southwestern states, and both are used in other
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Four types of concrete pavements (1 ft = 0 .305 m) .

Slab Length 300 to 700 f t

(d) PCP

areas. Depending on the type of aggregate, climate, and prior experience, joint spacing s
between 15 and 30 ft (4 .6 and 9.1 m) have been used . However, as the joint spacing in -
creases, the aggregate interlock decreases, and there is also an increased risk of cracking .
Based on the results of a performance survey, Nussbaum and Lokken (1978) recom -
mended maximum joint spacings of 20 ft (6 .1 m) for doweled joints and 15 ft (4 .6 m) for
undoweled joints.

Jointed Reinforced Concrete Pavements Steel reinforcements in the form o f
wire mesh or deformed bars do not increase the structural capacity of pavements but
allow the use of longer joint spacings . This type of pavement is used most frequently i n
the northeastern and north central part of the United States . Joint spacings vary fro m
30 to 100 ft (9 .1 to 30 m) . Because of the longer panel length, dowels are required for
load transfer across the joints .

The amount of distributed steel in JRCP increases with the increase in joint spac -
ing and is designed to hold the slab together after cracking . However, the number o f
joints and dowel costs decrease with the increase in joint spacing. Based on the uni t
costs of sawing, mesh, dowels, and joint sealants, Nussbaum and Lokken (1978) found
that the most economical joint spacing was about 40 ft (12 .2 m) . Maintenance costs
generally increase with the increase in joint spacing, so the selection of 40 ft (12 .2 m) as
the maximum joint spacing appears to be warranted .

Continuous Reinforced Concrete Pavements It was the elimination of joints
that prompted the first experimental use of CRCP in 1921 on Columbia Pike near
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Washington, D.C. The advantages of the joint-free design were widely accepted b y
many states, and more than two dozen states have used CRCP with a two-lane mileag e
totaling over 20,000 miles (32,000 km) . It was originally reasoned that joints were the
weak spots in rigid pavements and that the elimination of joints would decrease th e
thickness of pavement required . As a result, the thickness of CRCP has been empiri-
cally reduced by 1 to 2 in . (25 to 50 mm) or arbitrarily taken as 70 to 80% of the con -
ventional pavement .

The formation of transverse cracks at relatively close intervals is a distinctive char -
acteristic of CRCP. These cracks are held tightly by the reinforcements and should be o f
no concern as long as they are uniformly spaced . The distress that occurs most frequent -
ly in CRCP is punchout at the pavement edge. This type of distress takes place betwee n
two parallel random transverse cracks or at the intersection of Y cracks . If failures occur
at the pavement edge instead of at the joint, there is no reason for a thinner CRCP to b e
used. The 1986 AASHTO design guide suggests using the same equation or nomograp h
for determining the thickness of JRCP and CRCP. However, the recommended load-
transfer coefficients for CRCP are slightly smaller than those for JPCP or JRCP and so
result in a slightly smaller thickness of CRCP. The amount of longitudinal reinforcin g
steel should be designed to control the spacing and width of cracks and the maximu m
stress in the steel . Details on the design of CRCP are presented in Section 12 .4 .

Prestressed Concrete Pavements Concrete is weak in tension but strong in com-
pression . The thickness of concrete pavement required is governed by its modulus o f
rupture, which varies with the tensile strength of the concrete . The preapplication of a
compressive stress to the concrete greatly reduces the tensile stress caused by the traf-
fic loads and thus decreases the thickness of concrete required . The prestressed con-
crete pavements have less probability of cracking and fewer transverse joints an d
therefore result in less maintenance and longer pavement life .

The first known prestressed highway pavement in the United States was a 300-ft
(91-m) pavement in Delaware built in 1971 (Roads and Streets, 1971) . This was fol-
lowed in the same year by a demonstration project on a 3200-ft (976-m) access road a t
Dulles International Airport (Pasko, 1972) . In 1973, a 2.5-mile (4-km) demonstration
project was constructed in Pennsylvania (Brunner, 1975) . These projects were preced -
ed by a construction and testing program on an experimental prestressed pavement
constructed in 1956 at Pittsburgh, Pennsylvania (Moreell, 1958) . These projects have
the following features :

1. Slab length varied from 300 to 760 ft (91 to 232 m) .

2. Slab thickness was 6 in . (152 mm) on all projects.

3. A post-tension method with seven wire steel strands was used for all projects . In
the post-tension method, the compressive stress was imposed after the concret e
had gained sufficient strength to withstand the applied forces .

4. Longitudinal prestress varied from 200 to 331 psi (1 .4 to 2 .3 MPa) and no trans -
verse or diagonal prestressing was used .

Prestressed concrete has been used more frequently for airport pavements than
for highway pavements because the saving in thickness for airport pavements is much
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greater than that for highway pavements. The thickness of prestressed highway pave-
ments has generally been selected as the minimum necessary to provide sufficien t
cover for the prestressing steel (Hanna et al ., 1976) . Prestressed concrete pavement s
are still at the experimental stage, and their design arises primarily from the applica-
tion of experience and engineering judgment, so they will not be discussed further i n
this book .

1 .2 .3 Composite Pavement s

A composite pavement is composed of both HMA and PCC . The use of PCC as a bottom
layer and HMA as a top layer results in an ideal pavement with the most desirable char -
acteristics. The PCC provides a strong base and the HMA provides a smooth and nonre -
flective surface . However, this type of pavement is very expensive and is rarely used as a
new construction . As of 2001, there are about 97,000 miles (155,000 km) of composit e
pavements in the United States, practically all of which are the rehabilitation of concrete
pavements using asphalt overlays . The design of overlay is discussed in Chapter 13 .

Design Methods When an asphalt overlay is placed over a concrete pavement, th e
major load-carrying component is the concrete, so the plate theory should be used . As-
suming that the HMA is bonded to the concrete, an equivalent section can be used
with the plate theory to determine the flexural stress in the concrete slab, as is de -
scribed in Section 5 .1 .2 . If the wheel load is applied near to the pavement edge or joint ,
only the plate theory can be used . If the wheel load is applied in the interior of th e
pavement far from the edges and joints, either layered or plate theory can be used . The
concrete pavement can be either JPCP, JRCP, or CRCP.

Composite pavements also include asphalt pavements with stabilized bases . For
flexible pavements with untreated bases, the most critical tensile stress or strain is lo-
cated at the bottom of the asphalt layer ; for asphalt pavements with stabilized bases,
the most critical location is at the bottom of the stabilized bases.

Pavement Sections The design of composite pavements varies a great deal . Figure 1 . 8
shows two different cross sections that have been used. Section (a) (Ryell and Corkill ,
1973) shows the HMA placed directly on the PCC base, which is a more conventiona l
type of construction . A disadvantage of this construction is the occurrence of reflectio n
cracks on the asphalt surface that are due to the joints and cracks in the concrete base .
The open-graded HMA serves as a buffer to reduce the amount of reflection cracking .
Placing thick layers of granular materials between the concrete base and the asphal t
layer, as in Section (b) (Baker, 1973), can eliminate reflection cracks, but the placemen t
of a stronger concrete base under a weaker granular material can be an ineffective de -
sign. The use of a 6-in . (152-mm) dense-graded crushed-stone base beneath the mor e
rigid macadam base, consisting of 2 .5-in . (64-mm) stone choked with stone screenings,
prevents reflection cracking. The 3 .5-in . (89-mm) HMA is composed of a 1 .5-in .
(38-mm) surface course and a 2-in . (51-mm) binder course .

Figure 1 .9 shows the composite structures recommended for premium pavement s
(Von Quintus et al., 1980) . Section (a) shows the composite pavement with a jointed plai n
concrete base, and Section (b) shows the composite pavement with a continuous reinforced
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FIGURE 1 .8
Two different cross-sections for composite pavements (1 in . = 25 .4 mm) .
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FIGURE 1 . 9
Typical cross-sections for premium composite pavements (1 in . = 25 .4 mm) . (After Von Quintus
et al . (1980) )

concrete base . Premium pavements are also called zero-maintenance pavements . They are
designed to carry very heavy traffic with no maintenance required during the first 20 year s
and normal maintenance for the next 10 years before resurfacing . The ranges of thicknes s
indicated in the figure depend on traffic, climate, and subgrade conditions.
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A salient feature of the design is the 4-in . (102-mm) drainage layer on top of the
natural or improved subgrade. The drainage layer is a blanket extending full width be -
tween shoulder edges. In addition, a perforated collector pipe should be placed longi -
tudinally along the edge of the pavement . The pipe should be placed in a trench sectio n
cut in the subgrade. Filter materials should be placed between the drainage layer an d
the subgrade, if needed. Because the concrete base is protected by the HMA, a leane r
concrete with a modulus of rupture from 450 to 550 psi (3 .1 to 3 .8 MPa) may be used .
Note that a 3-in . (7 .6-mm) asphalt crack-relief layer should be placed above the joint -
ed plain concrete base . This is a layer of coarse open-graded HMA containing 25 t o
35% interconnecting voids and made up of 100% crushed material . It is designed to re -
duce reflection cracking . Because of the large amount of interconnecting voids, thi s
crack-relief layer provides a medium that resists the transmission of differential move -
ments of the underlying slab. The asphalt relief layer is not required for continuou s
reinforced concrete base . When the subgrade is poor, an asphalt-treated base might b e
required beneath the concrete slab .

1 .3

	

ROAD TEST S

Because the observed performance under actual conditions is the final criterion to judg e
the adequacy of a design method, three major road tests under controlled condition s
were conducted by the Highway Research Board from the mid-1940s to the early 1960s .

1 .3 .1 Maryland Road Tes t

The objective of this project was to determine the relative effects of four different axl e
loadings on a particular concrete pavement (HRB, 1952) . The tests were conducted on
a 1 .1-mile (1 .76-km) section of concrete pavement constructed in 1941 on US 30 1
approximately 9 miles (14 .4 km) south of La Plata, Maryland .

General Layout The pavement consisted of two 12-ft (3 .66-m) lanes having a 9–7-9-in .
(229–178–229-mm) thickened-edge cross section and reinforced with wire mesh . The
soils under the pavement ranged from A-1 to A-7-6, with the A-6 group predominant .
There were four separate test sections . The west and east lanes of the southern 0 .5 mil e
(0.8 km) were subjected to 18,000 and 22,400 lb (80 and 100 kN) single-axle loads ,
respectively ; the west and east lanes of the northern 0 .6 mile (0 .96 km) were subjected
to 32,000 and 44,800 lb (142 and 200 kN) tandem-axle loads, respectively, as shown i n
Figure 1 .10 . Controlled traffic tests were conducted from June through Decembe r
1950 . The total cost of the project was $245,000 .

It should be noted that thickened-edge pavements were very popular at the tim e
of the road test but are rarely in use today. This type of pavement is more costly to con -
struct because of the grading operations required at the thickened edge . Thickened -
edge pavements were popular in the old days when pavement widths were in th e
neighborhood of 18 to 20 ft (5 .5 to 6 .1 m) and most trucks traveled very close to th e
pavement edge . With current 24-ft (7.3-m) wide pavements, traffic concentration i s
between 3 and 4 ft (0 .91 to 1 .22 m) from the edge, thus significantly reducing the stres s
at the edge .
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Maryland Road Test (1 in . = 25 .4 mm, 1 ft = 0.305 m ,
1 mile = 1 .6 km, 1 lb = 4 .45 N) .
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Major Findings

1. Both the average cracking and the average settlement of slab at the joint in -
creased in this order : 18,000-lb (80-kN) single axle, 32,000-lb (142-kN) tande m
axle, 22,400-lb (100-kN) single axle, and 44,800-lb (200-kN) tandem axle .

2. Pumping occurred on plastic clay soils but not on granular subgrades with lo w
percentages of silt and clay. Prior to the development of pumping, the stresses fo r
all cases of loading investigated were below generally accepted design limits —
that is, 50% of the modulus of rupture of the concrete . Pumping and the accom-
panying loss of subgrade support caused large increases in the stresses for th e
corner case of loading .

3. Under creep speed, the deflections for the corner loading averaged approximatel y
0 .025 in . (0 .64 mm), those for the edge loading approximately 0.014 in . (0 .36 mm) .
After pumping developed, the maximum deflections increased considerably. In
some instances, the corner deflection approached 0 .2 in . (5 mm) before cracking
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occurred . The failure of the slabs on the fine-grained soil can be explained by th e
fact that the deflections of these slabs under all of the test loads were sufficient t o
cause pumping when the other requisites for pumping were present . As pumping
developed, the deflections increased with corresponding more rapid increase o f
stress to a magnitude sufficient to cause rupture of the slab .

4. With the exception of the corner case of loading for pumping soils, the stress and
deflection resulting at vehicle speed of 40 mph (64 km/h) averaged approximate -
ly 20% less than those at creep speed . For pumping slabs under corner loading ,
the stresses averaged approximately the same for both vehicle speeds .

5. The stresses and deflections caused by loads acting at the corners and edges o f
slabs were influenced to a marked degree by temperature curling . For the corne r
loading, the stresses and deflections for a severe downward curled condition wer e
observed to be only approximately one-third of those for the critical upward
curled condition . For the case of edge loading, the effect of temperature curling ,
although appreciable, was not as pronounced as for the case of corner loading .

1 .3 .2 WASHO Road Tes t

After the successful completion of the Maryland Road Test sponsored by the eleve n
midwestern and eastern states, the Western Association of State Highway Official s
(WASHO) conducted a similar test, but on sections of flexible pavements in Malad ,
Idaho, with the same objective in mind (HRB, 1955) .

General Layout Two identical test loops were constructed, each having two 1900-f t
(580-m) tangents made up of five 300-ft (92-m) test sections separated by four 100-f t
(30-m) transition sections, as shown in Figure 1 .11 . One tangent in each loop was sur-
faced with 4 in . (102 mm) of HMA and 2 in . (51 mm) of crushed gravel base ; the othe r
tangent was surfaced with 2 in . (51 mm) of HMA and 4 in . (102 mm) of crushed grave l
base. The thicknesses of the gravel subbase were 0, 4, 8, 12, and 16 in . (0, 102, 203, 205 ,
and 406 mm) . Thus, the total thickness of pavement over the A-4 basement soil varie d
from 6 to 22 in . (152 to 559 mm) in 4-in. (102-mm) increments for the five test sections .
In one loop, 18,000-lb (80-kN) single-axle loads were operated in the inner lane an d
22,400 lb (100 kN) in the outer lane . In the other loop, 32,000-lb (142-kN) tandem-axl e
loads were in the inner lane and 40,000 lb (178 kN) in the outer lane .

Construction began in April 1952, and the completed pavement was accepted on
September 30, 1952. On November 6, 1952, after completion of preliminary testing an d
installation of instruments, regular traffic operation was started . Except for one spring
and two winter periods, it was continued until May 29, 1954 . The total cost of the project
was $840,000 .

Major Findings

1 . The amount of damage to the pavement increased in the following order : 18,000-lb
(80-kN) single axle, 32,000-lb (142-kN) tandem axle, 22,400-lb (100-kN) single
axle, and 40,000-lb (178-kN) tandem axle . For example, the results of an analysis
showed that the minimum thicknesses of pavement with 2-in . (51-mm) HMA
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FIGURE 1 .1 1

WASHO Road Test (1 in . = 25 .4 mm, 1 ft = 0 .305 m, 1 lb = 4 .45 N) .

that would have been adequate to carry the 238,000 applications of the abov e
loads were 16, 17, 19, and 20 in. (406, 432, 483, and 508 mm), respectively.

2. The behavior of the pavement with 4-in . (102-mm) HMA was far superior to that
of equal total thickness with 2-in . (51-mm) HMA .

3. Distress in the outer wheelpath was more than that in the inner wheelpath . Surfac-
ing of the shoulders in three of the test sections in July 1953 proved to be highl y
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effective in retarding distress in the outer wheelpath . Both facts suggest that the
outer wheelpath with paved shoulders is the equivalent of the inner wheelpat h
and testify to the advantages of shoulder paving .

4. Development of structural distress was confined largely to two critical periods o f
traffic operation . One period was from June 11 to July 7, 1953, in which 27% o f
the total distress developed under 0 .7% of the total load applications . The second
period was from February 17 to April 7, 1954, in which 40% of the total distres s
developed under 13% of the total applications .

5. On the basis of pavement distress, a tandem axle with a total load about 1 .5 times
that of a single-axle load is equivalent to the single-axle load ; whereas a tandem
axle with a total load about 1 .8 times a single-axle load produced equal maximu m
deflections .

6. Deflection of the pavement surface under traffic was influenced by vehicle
speed, temperature of the surfacing, load, and moisture content of the top layers
of basement soil . The deflection was maximum under a static load . Deflection de-
creased as speed increased up to about 15 mph (24 km/h), after which deflections
decreased only slightly as speed increased . Deflections were greater as tempera -
ture of surfacing increased. Deflections of the pavement surface under traffi c
were approximately proportional to the applied load . When the moisture conten t
at the basement soil exceeded 22%, deflections increased with increase in mois-
ture content .

7. For the type of loading employed, there was no significant difference between
the magnitudes of the wheel loads transmitted in the outer wheelpath and thos e
in the inner wheelpath that was due to the crown of the pavement .

1 .3 .3 AASHO Road Test

The objective of this project was to determine any significant relationship between th e
number of repetitions of specified axle loads of different magnitudes and arrange-
ments and the performance of different thicknesses of flexible and rigid pavements
(HRB, 1962) .The test facility was constructed along the alignment of Interstate 80 nea r
Ottawa, Illinois, about 80 miles (128 km) southwest of Chicago .

General Layout The test consisted of four large loops, numbered 3 through 6, and
two smaller loops, 1 and 2 . Each loop was a segment of a four-lane divided highway
whose parallel roadways, or tangents, were connected by a turnaround at each end .
Tangent lengths were 6800 ft (2070 m) in loops 3 through 6, 4400 ft (1340 m) in loop 2 ,
and 2000 ft (610 m) in loop 1 . In all loops, the north tangents were surfaced with HM A
and south tangents with PCC. Centerlines divided the pavements into inner and outer
lanes, called lane 1 and lane 2 . Each tangent was constructed as a succession of pave -
ment sections called structural sections . Pavement designs varied from section to sec -
tion . The minimum length of a section was 100 ft (30 .5 m) in loops 2 through 6 and 15 f t
(4 .6 m) in loop 1 . The axle loads on each loop and lane are shown in Table 1 .1 .

Construction began in August 1956, and test traffic was inaugurated on Octobe r
15, 1958 . Test traffic was operated until November 30, 1960, at which time 1,114,000
axle loads had been applied . The total cost of the project was $27,000,000 .
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TABLE 1 .1 Applications of Axle Loads on Various Lanes at AASHO Road Tes t

Loop no .

	

1

	

2

	

3

Lane no .

	

1

	

2

	

1

	

2

	

1

	

2

Axle load

	

None

	

None

	

2000

	

6000

	

12,000

	

24,000
(lb)

	

single

	

single

	

single

	

tande m

Loop no .

	

4

	

5

	

6

Lane no .

	

1

	

2

	

1

	

2

	

1

	

2

Axle load

	

18,000

	

32,000

	

22,400

	

40,000

	

30,000

	

48,000
(lb)

	

single

	

tandem

	

single

	

tandem

	

single

	

tande m

Note: 1 lb = 4.45 N .

Major Findings One important contribution of the AASHO Road Test was the de-
velopment of the pavement serviceability concept, which is discussed in Section 9 .2 . 1
together with the equations relating serviceability, load, and thickness design of bot h
flexible and rigid pavements . Major findings for flexible and rigid pavements are sum -
marized separately as follows .

Flexible Pavements

1. The superiority of the four types of base under study fell in the following order :
bituminous treated, cement treated, crushed stone, and gravel . Most of the sec-
tions containing the gravel base failed very early in the test, and their perfor-
mance was definitely inferior to that of the sections with crushed-stone base .

2. The pavement needed to maintain a certain serviceability at a given number o f
axle-load applications would be considerably thinner in the inner than in th e
outer wheelpath .

3. Rutting of the pavement was due principally to decrease in thickness of the com-
ponent layers. About 91% of the rutting occurred in the pavement itself : 32% i n
the surface, 14% in the base, and 45% in the subbase . Thus, only 9% of a surface
rut could be accounted for by rutting of the embankment . Data also showed tha t
changes in thickness of the component layers were caused not by the increase in
density, but primarily by lateral movements of the materials .

4. More surface cracking occurred during periods when the pavement was in a rela-
tively cold state than during periods of warm weather . Generally, cracking was
more prevalent in sections having deeper ruts than in sections with shallower ruts .

5. The deflection occurring within the pavement structure (surface, base, and sub -
base), as well as that at the top of the embankment soil, was greater in the spring
than during the succeeding summer months . This effect was due to the higher
moisture contents of the base, subbase, and embankment soil that existed in th e
spring . A high degree of correlation was found between the deflection at the to p
of the embankment and the total surface deflection and one between deflection
and rutting. A pronounced reduction in deflection accompanied an increase in
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vehicle speed . Increasing the speed from 2 to 35 mph (3 .2 to 56 km/h) reduced
the total deflection 38% and the embankment deflection 35% .

Rigid Pavements

1. Of the three design variables, viz ., reinforcement or panel length, subbase thick-
ness, and slab thickness, only slab thickness has an appreciable effect on mea-
sured strains .

2. Inspections of the pavements were made weekly and after each rain . Faulting
occasionally occurred at cracks, never at the transverse joints, because all joint s
were doweled. No part of the cracking in the traffic loops was attributed solely t o
environmental changes, because no cracks appeared in the nontraffic loop, o r
loop 1 . (Note: although no cracks appeared during and immediately after th e
road test, cracks did occur many years later . )

3. Pumping of subbase material, including the coarser fractions, was the major fac-
tor causing failures of sections with subbase . The amount of materials pumpe d
through joints and cracks was negligible when compared with the amount ejecte d
along the edge .

4. Twenty-four-hour studies of the effect of fluctuating air temperature showed tha t
the deflection of panel corners under vehicles traveling near the pavement edg e
might increase severalfold from afternoon to early morning . Edge strains and
deflections were affected to a lesser extent .

5. Corner deflections of a 40-ft (12 .2-m) reinforced panel usually exceeded those o f
a 15-ft (4 .6-m) nonreinforced panel, if all other conditions were the same . Edge
deflections and strains were not affected significantly by panel length or rein-
forcement . An increase in vehicle speed from 2 to 60 mph (3 .2 to 96 km/h) result -
ed in a decrease in strain or deflection of about 29% .

1 .3 .4 Strategic Highway Research Program (SHRP )

The strategic Highway Research Program was approved by U .S . Congress in 1987 as a
five-year, $150 million research program to improve highways and make them safer for
both motorists and highway workers . It was anew program, intended not to duplicate
any ongoing research activities but rather to focus on some long-neglected needs for
improving basic technologies and material properties . The research was conducted by
independent contractors and targeted in four areas : highway operations, concrete an d
structures, asphalt, and long-term pavement performance . The 1991 Intermodal Sur -
face Transportation Efficiency Act (ISTEA) authorized an additional $108 million for
SHRP implementation and for continuation of the 20-year long-term pavement -
performance program .

Asphalt and long-term pavement performance are the two areas directly related to
pavement design . Research on asphalt resulted in the development of Superpave (A1,1998 ,
2002), as described in Appendix D . One of the basic goals of the long-term pavement-
performance (LTPP) program is to establish a national pavement-performance dat a
base (NPPDB) to store all the data collected and generated under the LTPP program .
These data, which include inventory, materials testing, profile, deflection by falling
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weight deflectometer (FWD), cross profile, distress, friction, maintenance, rehabilita-
tion, climate, and traffic, will provide researchers with reliable data for pavement desig n
and performance studies. The data were collected from 777 general pavement studies
(GPS) sections and 234 specific pavement studies (SPS) sections throughout the Unite d
States. The GPS program focuses on existing pavements ; the SPS program includes spe -
cially constructed pavement that will help develop a better understanding of the effect s
on performance of a few targeted factors not widely covered in the GPS . Since its in-
ception, the LTPP program has been international in scope . Fifteen countries are partic-
ipating, conducting research on 666 international sites and forwarding data to the LTPP
program. In July 1992, responsibility for the on-going LTPP research and data-collection
effort was assumed by the Federal Highway Administration (FHWA) . The Transporta-
tion Research Board (TRB) was made responsible for maintaining the NPPDB .

The nine pavement types for GPS are as follows :

GPS-1 : Asphalt concrete (AC) on granular bas e

GSP-2 : AC on stabilized bas e

GPS-3 : Jointed plain concrete pavement (JPCP)

GPS-4 : Jointed reinforced concrete pavement (JRCP )

GPS-5 : Continuous reinforced concrete pavement (CRCP )

GPS-6 : AC overlay of AC pavement

GPS-7 : AC overlay of jointed concrete pavement (JCP )

GPS-8 : Bonded JCP overlay of concrete pavement

GPS-9 : Unbonded JCP overlay of concrete pavemen t

The nine experiments for SPS are as follows :

SPS-1 : Strategic study of structural factors for flexible pavemen t

SPS-2 : Strategic study of structural factors for rigid pavement

SPS-3 : Preventive-maintenance effectiveness for flexible pavemen t

SPS-4 : Preventive-maintenance effectiveness for rigid pavement

SPS-5 : Rehabilitation of AC pavement

SPS-6 : Rehabilitation of JCP

SPS-7 : Bonded concrete overlay of concrete pavemen t

SPS-8 : Study of environmental effects in the absence of heavy loads

SPS-9 : Validation of SHRP asphalt specifications and mix design and innovation s
in asphalt pavement

The LTPP program is still going on and the collection of data is not complete, s o
any conclusions or findings based on the short-term data are tentative and subject t o
changes and therefore are not reported here at this time .

1 .4

	

DESIGN FACTOR S

Design factors can be divided into four broad categories : traffic and loading, environ-
ment, materials, and failure criteria . The factors to be considered in each category will
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be described, and how the design process fits into an overall pavement managemen t
system will be discussed .

1 .4.1 Traffic and Loadin g
The traffic and loading to be considered include axle loads, the number of load repeti -
tions, tire-contact areas, and vehicle speeds .

Axle Loads Figure 1 .12 shows the wheel spacing for a typical semitrailer consisting o f
single axle with single tires, single axle with dual tires, and tandem axles with dual tires .
For special heavy-duty haul trucks, tridem axles consisting of a set of three axles, eac h
spaced at 48 to 54 in . (1 .22 to 1 .37 m) apart, also exist .

The spacings of 23 and 13 ft (7 and 4 m) shown in Figure 1 .12 should have no ef-
fect on pavement design because the wheels are so far apart that their effect on stress -
es and strains should be considered independently . Unless an equivalent single-axl e
load is used, the consideration of multiple axles is not a simple matter . The design may
be unsafe if the tandem and tridem axles are treated as a group and considered as on e
repetition. The design is too conservative if each axle is treated independently an d
considered as one repetition . A method for analyzing multiple-axle loads is presente d
in Section 3 .1 .3 .

In the design of flexible pavements by layered theory, only the wheels on on e
side, say at the outer wheelpath, need be considered ; in the design of rigid pavements
by plate theory, the wheels on both sides, even at a distance of more than 6 ft (1 .8 m)
apart, are usually considered .

Number of Repetitions With the use of a high-speed computer, it is no problem t o
consider the number of load repetitions for each axle load and evaluate its damage .
The method of dividing axle loads into a number of groups has been used frequentl y
for the design of rigid pavements, as illustrated by the PCA method in Section 12 .2 .
However, its application to flexible pavements is not widespread, because of the em-
pirical nature of the design and of the large amount of computer time required.

Instead of analyzing the stresses and strains due to each axle-load group, a sim -
plified and widely accepted procedure is to develop equivalent factors and conver t
each load group into an equivalent 18-kip (80-kN) single-axle load, as illustrated by the
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FIGURE 1 .12
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Asphalt Institute method in Section 11 .2 and the AASHTO method in Sections 11 . 3
and 12.3 . It should be noted that the equivalency between two different loads depend s
on the failure criterion employed . Equivalent factors based on fatigue cracking coul d
be different from those based on permanent deformation . Therefore, the use of a singl e
equivalent factor for analyzing different types of distress is empirical and should be
considered as approximate only.

Contact Area In the mechanistic method of design, it is necessary to know the con -
tact area between tire and pavement, so the axle load can be assumed to be uniforml y
distributed over the contact area . The size of contact area depends on the contact pres -
sure . As indicated by Figure 1 .13, the contact pressure is greater than the tire pressur e
for low-pressure tires, because the wall of tires is in compression and the sum of verti -
cal forces due to wall and tire pressure must be equal to the force due to contact pres -
sure; the contact pressure is smaller than the tire pressure for high-pressure tires ,
because the wall of tires is in tension . However, in pavement design, the contact pres -
sure is generally assumed to be equal to the tire pressure . Because heavier axle load s
have higher tire pressures and more destructive effects on pavements, the use of tir e
pressure as the contact pressure is therefore on the safe side .

Heavier axle loads are always applied on dual tires. Figure 1.14a shows the
approximate shape of contact area for each tire, which is composed of a rectangle and
two semicircles . By assuming length L and width 0 .6L, the area of contact
Ac = ar(0 .3L) 2 + (0.4L)(0.6L) = 0.5227L 2 , o r

L =

	

Ac

	

(1 .1
)

0 .5227

in which Ac = contact area, which can be obtained by dividing the load on each tire b y
the tire pressure .

The contact area shown in Figure 1 .14a was used previously by PCA (1966) fo r
the design of rigid pavements . The current PCA (1984) method is based on the finite-
element procedure, and a rectangular area is assumed with length 0 .8712L and width
0.6L, which has the same area of 0 .5227L2, as shown in Figure 1 .14b. These contact
areas are not axisymmetric and cannot be used with the layered theory . When the

FIGURE 1 .1 3

Relationship between contact pressur e
and tire pressure .
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(a) ActuaL Area

	

(b) Equivalent Are a

Area = 0 .5227 L2 0.6 L

0.8712 L
Figure 1 .1 4
Dimension of tire contact area .

layered theory is used for flexible pavement design, it is assumed that each tire has a
circular contact area . This assumption is not correct, but the error incurred is believe d
to be small . To simplify the analysis of flexible pavements, a single circle with the same
contact area as the duals is frequently used to represent a set of dual tires, instead o f
using two circular areas. This practice usually results in a more conservative design, bu t
could become unconservative for thin asphalt surface because the horizontal tensile
strain at the bottom of asphalt layer under the larger contact radius of single wheel i s
smaller than that under the smaller contact radius of dual wheels, as is illustrated i n
Section 3 .4 .1 . For rigid pavements, it is more reasonable to use a larger circular area t o
represent a set of duals, as discussed in Section 4 .2 .1 .

Example 1 .1 :

Draw the most realistic contact area for an 18-kip (80-kN) single-axle load with a tire pressur e
of 80 psi (552 kPa) . What are the other configurations of contact area that have been used for
pavement design ?

C

N

10 .37 in .

(a)

FIGURE 1 .1 5
Example 1 .1 (1 in. = 25 .4 mm) .

9 .03 in.

(b) (c) (d)
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Solution : The 18-kip (80-kN) single-axle load is applied over four tires, each having a load o f
4500 lb (20 kN) . The contact area of each tire is A, = 4500/80 = 56 .25 in. 2 (3 .6 x 104 mm2 ) . From
Eq. 1 .1, L = "56 .25/0 .5227 = 10 .37 in . (263 mm) . The width of the tire is 0 .6L = 0.6 x
10 .37 = 6 .22 in . (158 mm) . The configuration of various contact areas is shown in Figure 1 .15 .

Figure 1 .15a is the most realistic contact area consisting of a rectangle and two semicircles ,
as used previously by PCA (1966) . Figure 1 .15b is the rectangular contact area for use in th e
finite-element analysis of rigid pavements with length 0 .8712L, or 9 .03 in . (229 mm), and width
6 .22 in. (158 mm). Figure 1 .15c shows the contact area as two circles, each having a radiu s
of V56 .25/7r, or 4 .23 in . (107 mm) . This assumption was also made by the Asphalt Institut e
(AI, 1981a), although they used a tire pressure of 70 psi (483 kPa) and a contact radius of 4 .52 in.
(115	 mm).Figure 1 .15d considers the contact area as a single circle with contact radiu s
"2 x 56 .25/7r = 5 .98 in . (152 mm) . This contact area was used in VESYS (FHWA, 1978) .

Vehicle Speed Another factor related to traffic is the speed of traveling vehicles . I f
the viscoelastic theory is used, such as in VESYS and KENLAYER, speed is directl y
related to the duration of loading. If the elastic theory is used, the resilient modulus o f
each paving material should be properly selected to be commensurate with the vehicl e
speed . Generally, the greater the speed, the larger the modulus, and the smaller th e
strains in the pavement .

1 .4.2 Environment

The environmental factors that influence pavement design include temperature and pre-
cipitation, both affecting the elastic moduli of the various layers . In the mechanistic- -
empirical method of design, each year can be divided into a number of periods, each
having a different set of layer moduli . The damage during each period is evaluated an d
summed throughout the year to determine the design life.

Temperature The effect of temperature on asphalt pavements is different from that
on concrete pavements . Temperature affects the resilient modulus of asphalt layer s
and induces curling of concrete slabs. In cold climates, the resilient moduli of unstabi-
lized materials also vary with the freeze–thaw cycles . The severity of cold climate is in-
dicated by the freezing index, which can be correlated with the depth of fros t
penetration .

Effect on Asphalt Layer The elastic and viscoelastic properties of HMA are af-
fected significantly by pavement temperature . Any mechanistic methods of flexibl e
pavement design must consider pavement temperature, which can be related to air
temperature . During the winter, when temperature is low, the HMA becomes rigid an d
reduces the strains in the pavement . However, stiffer HMA has less fatigue life, whic h
may neutralize the beneficial effect of smaller strains . Low temperature can cause
asphalt pavements to crack.

Effect on Concrete Slab The temperature gradient in concrete pavements affect s
not only the curling stress but also the slab–subgrade contact . During the day, when the
temperature at top is higher than that at bottom, the slab curls down so that its interio r
may not be in contact with the subgrade . At night, when the temperature at top is lower
than that at bottom, the slab curls upward so that its edge and corner may be out of
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contact with the subgrade . The loss of subgrade contact will affect the stresses in concret e
due to wheel loads. The change between maximum and minimum temperatures also de -
termines the joint and crack openings and affects the efficiency of load transfer .

Frost Penetration Another effect of temperature on pavement design in col d
climate is the frost penetration, which results in a stronger subgrade in the winter but a
much weaker subgrade in the spring . Figure 1 .16 shows the maximum depth of fros t
penetration in the United States . Although frost heave causes differential settlement s
and pavement roughness, the most detrimental effect of frost penetration occurs dur -
ing the spring breakup period, when the ice melts and the subgrade is in a saturate d
condition. It is desirable to protect the subgrade by using non-frost-susceptible materi -
als within the zone of frost penetration . If this cannot be done, the design metho d
should take into consideration the weakening of the subgrade during spring breakup .

Freezing Index The severity of frost in a given region can be expressed as a freez -
ing index in terms of degree days . A negative one-degree day represents one day with a
mean air temperature one degree below freezing; a positive one-degree day indicate s
one day with a mean air temperature one degree above freezing . The mean air tempera -
ture for a given day is the average of high and low temperatures during that day. If the
mean air temperature is 25°F on the first day and 22°F on the second and third days, th e
total degree days for the three-day period are (25 — 32) + 2 X (22 — 32) _ -27 de-
gree days . Given the mean air temperature of each day, the degree days for each mont h
can be similarly calculated . A plot of cumulative degree days versus time results in a
curve, as shown in Figure 1 .17 . The difference between the maximum and minimum

FIGURE 1 .1 6

Maximum depth of frost penetration in the United States (1 in . = 25 .4 mm) .
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FIGURE 1 .1 7
Determination of freezing index .

points on the curve during one year is called the freezing index for that year . The freezin g
index has been correlated with the depth of frost penetration and can be used as a factor
of pavement design and evaluation .

Example 1 .2 :

The monthly degree-day data are September, 540 ; October, -130 ; November, -450; December ,
-770; January, -540 ; February, -450; March, -290; April, -70 ; and May, 170 . Calculate th e
freezing index .

TABLE 1 .2 Monthly and Cumulative Degree Days

Degree days (°F )

Month Monthly Cumulativ e

September 540 54 0
October -130 41 0
November -450 -40
December -770 -81 0
January -540 -135 0
February -450 -1800
March -290 -209 0
April -70 -216 0
May 170 -1990
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Solution: The monthly and cumulative degree day data are shown in Table 1 .2 . The cumulativ e
degree days are plotted in Figure 1 .17 . Freezing index = 2160 + 540 = 2700 degree days, which
can be calculated from the table or measured from Figure 1 .17 .

Precipitation The precipitation from rain and snow affects the quantity of surface
water infiltrating into the subgrade and the location of the groundwater table . Every
effort should be made to improve drainage and alleviate the detrimental effect of
water. If water from rainfalls can be drained out within a short time, its effect can b e
minimized, even in regions of high precipitation .

The location of the groundwater table is also important . The water table shoul d
be kept at least 3 ft (0 .91 m) below the pavement surface. In seasonal frost areas, the
depth from the pavement surface to the groundwater table should be much greater .
For example, the recommended minimum depths are 7 ft (2 .1 m) in Massachusetts, 5 ft
(1 .5 m) in Michigan and Minnesota, 8 to 12 ft (2 .4 to 3 .7 m) in Saskatchewan, and 3 t o
7 ft (0 .9 to 2 .1 m) in Nebraska (Ridgeway, 1982) .

If proper drainage cannot be provided, smaller elastic moduli must be selected
for the component layers affected by poor drainage . However, this measure might not
solve the problem, because poor drainage could still incur damages other than the lac k
of shear strength, such as the pumping and the loss of support . Details about drainage
are presented in Chapter 8.

1 .4 .3

	

Material s

In the mechanistic—empirical methods of design, the properties of materials must b e
specified, so that the responses of the pavement, such as stresses, strains, and displace -
ments in the critical components, can be determined . These responses are then used
with the failure criteria to predict whether failures will occur or the probability tha t
failures will occur. Details of material characterization are presented in Chapter 7 .

General Properties The following general material properties should be specified fo r
both flexible and rigid pavements :

1. When pavements are considered as linear elastic, the elastic moduli and Poisso n
ratios of the subgrade and each component layer must be specified . The Poisso n
ratios have relatively small effects on pavement responses, so their values can b e
reasonably assumed .

2. If the elastic modulus of a material varies with the time of loading, the resilient
modulus, which is the elastic modulus under repeated loads, must be selected in
accordance with a load duration corresponding to the vehicle speed .

3. When a material is considered nonlinear elastic, the constitutive equation relat-
ing the resilient modulus to the state of stresses must be provided .

Flexible Pavements The following properties may be specified for flexible pavements :

1 . When the HMA is considered linear viscoelastic, the creep compliance, which is the
reciprocal of the moduli at various loading times, must be specified . If the tempera-
ture at the creep test is not the same as the temperature used for pavement design,
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the time–temperature shift factor, which indicates the sensitivity of asphalt mix -
tures to temperature as described in Section 2 .3 .2, must also be provided .

2. If the design is based on fatigue cracking, the fatigue properties of asphalt mix-
tures, as described in Section 7 .3 .1, must be specified .

3. If the design is based on rut depth by summing the permanent deformations over
all layers, the permanent deformation parameters of each layer must be specified .
These parameters can be obtained from permanent deformation tests, as describe d
in Section 7 .4 .2 .

4. If other distresses, such as low-temperature cracking, are used as a basis fo r
design, appropriate properties, such as the asphalt stiffness at the winter design
temperature, should be specified .

Rigid Pavements The following properties may be specified for rigid pavements :

1. For rigid pavements on liquid foundations, the modulus of subgrade reaction, a s
described in Section 7 .5 .1, must be specified .

2. To consider the effect of temperature curling, the coefficient of thermal expan-
sion of the concrete must be specified .

3. The most common distress in rigid pavements is fatigue cracking, so the modulu s
of rupture and the fatigue properties of concrete, as described in Section 7 .3 .2 ,
must be specified .

4. If other distresses, such as faulting caused by excessive bearing stress on dowe l
bars, are used as a basis for design, appropriate properties, such as the diamete r
and spacing of dowels, must be specified .

1 .4.4

	

Failure Criteri a

In the mechanistic–empirical methods of pavement design, a number of failure criteria ,
each directed to a specific type of distress, must be established. This is in contrast to the
AASHTO method, which uses the present serviceability index (PSI) to indicate the
general pavement conditions . The failure criteria for mechanistic–empirical method s
are described next .

Flexible Pavements It is generally agreed that fatigue cracking, rutting, and low -
temperature cracking are the three principal types of distress to be considered for flex -
ible pavement design . These criteria are fully discussed in Section 11 .1 .4 and are briefly
described below.

Fatigue Cracking The fatigue cracking of flexible pavements is based on the
horizontal tensile strain at the bottom of HMA . The failure criterion relates the allow-
able number of load repetitions to the tensile strain, through the laboratory fatigue tes t
on small HMA specimens. The difference in geometric and loading conditions makes
the allowable number of repetitions for actual pavements much greater than tha t
obtained from laboratory tests. Therefore, the failure criterion must incorporate a shif t
factor to account for the difference .



1 .4 Design Factors

	

3 5

Rutting Rutting occurs only on flexible pavements, as indicated by the perma-
nent deformation or rut depth along the wheelpaths . Two design methods have been
used to control rutting : one limit the vertical compressive strain on the top of subgrade,
and the other limit the rutting to a tolerable amount, say, 0 .5 in . (13 mm) .

The first method, which requires a failure criterion based on correlations with
road tests or field performance, is much easier to apply and has been used by Shel l
Petroleum (Claussen et al., 1977) and the Asphalt Institute (Shook et al., 1982) . Thi s
method is based on the contention that, if the quality of the surface and base courses i s
well controlled, rutting can be reduced to a tolerable amount by limiting the vertical
compressive strain on the subgrade.

The second method, which computes the rut depth directly, can be based o n
empirical correlations with road tests, as used in PDMAP (Finn et al ., 1986) and
MICH-PAVE (Harichandran et al ., 1989) or on theoretical computations from the
permanent-deformation parameters of each component layer, as incorporated i n
VESYS (FHWA, 1978) . The Shell method also includes a procedure for estimating th e
rut depth in HMA (Shell, 1978) . If rutting is due primarily to the decrease in thicknes s
of the component layers above the subgrade, as was found in the AASHO Road Test ,
the use of this method should be more appropriate .

Thermal Cracking This type of distress includes both low-temperature crack-
ing and thermal fatigue cracking . Low-temperature cracking is usually associated with
flexible pavements in northern regions of the United States and much of Canada ,
where winter temperatures can fall below -10°F(-23°C) . Thermal fatigue cracking
can occur in much milder regions if an excessively hard asphalt is used or the asphal t
becomes hardened by aging .

The most comprehensive study on low-temperature cracking has been conducte d
in Canada, as reported by Christison et al. (1972) . The potential of low-temperature
cracking for a given pavement can be evaluated if the mix stiffness and fracture -
strength characteristics as a function of temperature and time of loading are known
and if temperature data on the site are available. The pavement will crack when th e
computed thermal stress is greater than the fracture strength .

Thermal fatigue cracking is similar to the fatigue cracking caused by repeated
loads. It is caused by the tensile strain in the asphalt layer that is due to daily tempera -
ture cycle. The cumulative damage can be evaluated by Miner's hypothesis .

Rigid Pavements Fatigue cracking has long been considered the major or only criterio n
for rigid pavement design. Only recently has pumping or erosion been considered .
Other criteria under consideration include faulting and joint deterioration of JPCP an d
JRCP and edge punchout of CRCP. These criteria are fully discussed in Sections 12.1 .2
through 12 .1 .6 and are briefly described below.

Fatigue Cracking Fatigue cracking is most likely caused by the edge stress at the
midslab. The allowable number of load repetitions to cause fatigue cracking depends
on the stress ratio between flexural tensile stress and the concrete modulus of rupture .
Because the design is based on the edge loading and only a small portion of the traffi c
loads is applied at the pavement edge, the total number of load repetitions must be
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reduced to an equivalent number of edge loads so that the same fatigue damage is

obtained . This approach is different from the fatigue analysis of flexible pavements, i n

which a shift factor is used to adjust the allowable number of load repetitions.

Pumping or Erosion Although permanent deformation are not considered in

rigid pavement design, the resilient deformation under repeated wheel loads will caus e

pumping of the slabs. Consequently, corner deflections have been used in the lates t

version of the PCA method (PCA, 1984) as an erosion criterion in addition to the fatigu e

criterion. The applicability of the PCA method is quite limited because it is based o n
the results of the AASHO Road Test, which employed a highly erodible subbase . Pump-
ing is caused by many other factors, such as types of subbase and subgrade, precipitation ,

and drainage, so a more rational method for analyzing pumping is needed .

Other Criteria Other major types of distress in rigid pavements include fault-
ing, spalling, and joint deterioration . These distresses are difficult to analyze mechanis -

tically, and a great effort has been made recently in developing regression models t o

predict them. These empirical models are applicable only under the conditions fro m
which the models were derived . Unless an extensive data base containing a sufficien t
number of pavement sections with widely different design characteristics is available ,
the usefulness of these models in practice could be limited by the large amount of erro r

involved .

1 .4 .5

	

Reliability
In view of the fact that the predicted distress at the end of a design period varies a
great deal, depending on the variability of predicted traffic and the quality control o n

materials and construction, it is more reasonable to use a probabilistic approach base d

on the reliability concept . If PSI is used as a failure criterion, the reliability of the de -
sign, or the probability that the PSI is greater than the terminal serviceability index ,
can be determined by assuming the PSI at the end of a design period to be a norma l
distribution with a mean and a standard deviation . Conversely, given the required reli -
ability and terminal serviceability index, the acceptable PSI at the end of the desig n

period can be computed. More details about reliability are presented in Chapter 10 .

1 .4 .6 Pavement Management System s

It has long been recognized that pavement design is a part of the total pavement man -
agement process, which includes planning, design, construction, maintenance, evalua -

tion, and rehabilitation . With the use of a computer, a pavement management syste m
(PMS) can be developed to assist decision makers in finding optimum strategies for

providing, evaluating, and maintaining pavements in a serviceable condition over a
given period of time. Pavement management can be divided into two generalized lev-

els : network and project . At the network level, the pavement management system pro -
vides information on the development of an overall program of new construction ,
maintenance, or rehabilitation that will optimize the use of available resources . At the
project level, consideration is given to alternative design, construction, maintenance, o r
rehabilitation activities for a particular project within the overall program .
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Figure 1 .18 is a flowchart for a project-level pavement management syste m
(AASHTO,1986) . The traffic and loading, environment, and materials are the design
factors that have just been discussed. Models of pavement structure may be a mecha -
nistic or an empirical model for flexible or rigid pavements . Behavior is characterized
by stresses, strains, or deformations ; distress is evaluated by failure criteria ; and perfor -
mance is based on PSI . For a given reliability, the life of the pavement before the ser -
viceability index drops below the minimum acceptable value can be evaluated . Even if
the life is less than the design period, say 20 years, the option is still open, because a n
overlay at a later date will bring the serviceability index up and prolong the life of th e
pavement to more than 20 years . As long as the design meets the constraints, it wil l
move on to the life-cycle costs block of the process .

Life-cycle costs refer to all costs, including construction, maintenance, and reha -
bilitation costs, all benefits, and indirect costs . An economic evaluation will be made on
all possible options and an optimized design at the lowest overall cost will be selected .
After the pavement has been constructed, information on performance, such as dis-
tress, roughness, traffic loading, skid characteristic, and deflection, should be monitore d
and put into a data bank. The feedback of these performance data into the PMS infor -
mation system is crucial to the development of mechanistic–empirical design proce-
dures . More about PMS is presented in Appendix E .

It should be noted that pavement design is a critical part of pavement manage-
ment . Poor design practice will result in higher pavement maintenance and rehabilita -
tion costs throughout the years and has by far the greatest effect on life-cycle costs .
Recent developments in pavement technology, such as the improvement in laborator y
and field testing equipment and the availability of high-speed microcomputers, hav e
provided pavement designers with more tools to evaluate the consequences of desig n
alternatives on life-cycle costs .

1 .5

	

HIGHWAY PAVEMENTS, AIRPORT PAVEMENTS, AND RAILROAD TRACKBED S

The principles used for the design of highway pavements can also be applied to thos e
of airport pavements and railroad trackbeds, with some modifications.

1 .5 .1 Highway Versus Airport

Airport pavements are generally thicker than highway pavements and require bette r
surfacing materials, because the loading and tire pressure of aircraft are much greate r
than those of highway vehicles. The effect of loading and tire pressure can be take n
care of automatically in any mechanistic method of design, whether the pavement i s
used for a highway or an airport . However, the following differences should be noted
in applying the mechanistic methods :

1 . The number of load repetitions on airport pavements is usually smaller that o n
highway pavements. On airport pavements, due to the wander of aircraft, severa l
passages of a set of gears are counted as one repetition, whereas on highway
pavements, the passage of one axle is considered as one repetition . The fact that
highway loadings are not really applied at the same location is considered in the
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failure criteria by increasing the allowable number of load repetitions, such as th e
incorporation of a shift factor for the fatigue of flexible pavements, as describe d
in Section 7 .3 .1, and an equivalent damage ratio for the fatigue of rigid pave-
ments, as described in Section 12 .1 .2 .

2. The design of highway pavements is based on moving loads with the loading dura -
tion as an input for viscoelastic behaviors and the resilient modulus under repeat -
ed loads for elastic behaviors . The design of airport pavements is based on movin g
loads in the interior of runways but stationary loads at the end of runways. As a re -
sult, thicker pavements are used at the runway end than in the interior .

3. Although loads are applied near to the edge of highway pavements but far away
from the outside edge of airport pavements, this fact is not considered in the de -
sign of flexible pavements . It is assumed that the edge effect is insignificant if a
load is at a distance of 2 to 3 ft (0 .6 to 0 .9 m) from the edge, so the layered theory
can still be applied . However, this fact should be considered in the design of rigid
pavements. The Portland Cement Association employs edge loading for the de -
sign of highway pavements (PCA, 1984), but interior loading for the design of air -
port pavements (PCA, 1955) . The Federal Aviation Administration consider s
edge loading, but the edge stress is reduced by 25% to account for load transfe r
across the joint (FAA, 1988), so the loading is applied at the longitudinal joint ,
not really at the outside pavement edge . Even if the loads can be applied near th e
outside edge of airport pavements in certain situations, the number of load repe -
titions is small and may be neglected . The above contention is based on the
assumption that the design is based on fatigue and the fact that the stresses a t
the edge and the interior are greater than those at the joints . This is not true if th e
design is based on the erosion caused by the corner deflection at the joints .

1 .5 .2 Highway Versus Railroa d

Two methods have been used to incorporate HMA in railroad trackbeds, as shown i n
Figure 1 .19 . The first method, which is similar to the construction of flexible highwa y
pavements, is called overlayment . The HMA is placed on top of the subgrade or abov e
a layer of base course, and the ties are placed directly on the asphalt mat. In the second
method, called underlayment, the asphalt mat is placed under the ballast .

Based on the same design principles as used in highway pavements, Huang et al .
(1984b) developed a computer model called KENTRACK for the design of HMA rail -
road trackbeds . The design considers traffic and loading, environment, and materials a s
the major factors and applies Burmister's layered theory and Miner's hypothesis of cu -
mulative damage (Miner, 1945) . However, there is a major difference between a high-
way pavement and a railroad trackbed, namely, the distribution of wheel loads to the
layered system . On highway pavements, wheel loads are applied over small areas an d
the magnitude of loads on each area is a constant independent of the stiffness of the
layered system. On railroad trackbeds, wheel loads are distributed through rails an d
ties over a large area and the load on the most critical tie under the heaviest wheel loa d
depends strongly on the stiffness of the layered system. Therefore, the use of thicker
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FIGURE 1 .1 9
Hot-mix-asphalt railroad trackbeds.

HMA for highway pavements is very effective in reducing both the tensile strain at the
bottom of HMA and the compressive strain on the top of subgrade, but not very effec-
tive for railroad trackbeds. In fact, for an underlayment with a given combined thick-
ness of ballast and HMA, the tensile strain increases as the HMA thickness increases,
which indicates that the use of ballast is more effective than the use of HMA in reduc-
ing tensile strains (Huang et al ., 1985) .That the replacements of ballast by HMA increas -
es the tensile strain is due to the load concentration, as indicated by the tremendou s
increase in the maximum contact pressure between tie and ballast caused by the stiffe r
trackbed .

It was also found that overlayment cannot be used for heavy-haul trackbeds, be -
cause the required thickness of asphalt mat is just too excessive, while an underlayment
with a thick layer of ballast and a thin layer of HMA can easily satisfy the design re-
quirements (Huang et al., 1987) . For the same reason, the use of full-depth construc-
tion, which is popular for highway pavements, is not recommended for railroa d
trackbeds. Although the vertical compressive strain on the top of subgrade has bee n
used most frequently for the design of highway pavements, it was found that the use of
vertical compressive stress is more appropriate for railroad trackbeds (Huang et al. ,
1984a, 1986a) .

Portland cement concrete can be used for the construction of slab tracks . The
design of slab tracks is similar to that of rigid highway pavements, except that load s
are applied to the rails connected directly to the concrete slab or through rubber -
booted block ties . The KENTRACK computer program, originally developed for
the design of HMA and conventional ballasted trackbeds, was later expanded for
the design of slab tracks via the finite-element method and the fatigue principl e
(Huang et al., 1986b) .
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SUMMARY

This chapter provides an introduction to pavement analysis and design . It covers fiv e
major sections : historical development, pavement types, road tests, design factors, an d
the differences between highway pavements and airport pavements and between high -
way pavements and railroad trackbeds. The three major road tests constitute an impor-
tant part of historical development but are presented in a separate section afte r
pavement types, so that the conclusions drawn from the road tests can be more easil y
understood . Also included is a brief description of the recently completed Strategi c
Highway Research Program (SHRP) .

Important Points Discussed in Chapter 1

1. There has been a dramatic change in the design methods for flexible pavements ,
from the early purely empirical methods to the modern mechanistic–empirica l
methods . With the availability of high-speed microcomputers and sophisticate d
testing methods, the trend toward mechanistic methods is apparent .

2. The most practical and widely used mechanistic–empirical method for flexibl e
pavement design is based on Burmister's elastic layered theory of limiting th e
horizontal tensile strain at the bottom of asphalt layer and the vertical compres -
sive strain on the surface of subgrade . With modifications, the method can be ap -
plied to layered systems consisting of viscoelastic and nonlinear elastic materials .

3. Westergaard's plate theory has been used for the design of rigid pavements sinc e
the 1920s. The method can be applied only to a single slab on a liquid foundatio n
with full slab–subgrade contact . Most design methods are based on the flexura l
stress in the concrete . Earlier designs considered stress due to corner loading to b e
the most critical . With wider traffic lanes and more efficient load transfer, edge
stress due to edge loadings near the midslab is now being considered more critical .
The current PCA method considers both the edge stress to prevent fatigue crack -
ing and the corner deflection to minimize pumping or erosion of the subgrade .

4. The most practical method to analyze multiple slabs on a layer foundation wit h
partial slab–foundation contact is by the finite-element computer programs . With
the increase in speed and storage of modern computers, it is no longer necessar y
to consider the foundation as a liquid . More use of solid or layer foundation in
design is expected in years to come .

5. There are two major types of pavements : flexible and rigid . The design of flexibl e
pavements is based on the layered theory by assuming that the layers are infinit e
in areal extent with no discontinuities. Because of the rigidity of the slab and th e
existence of joints, the design of rigid pavements is based on the plate theory.
Layered theory can also be applied to rigid pavements if the loads are applied i n
the interior of a slab . A third type of pavement is called the composite pavement.
Composite pavements should be designed by the plate theory, because concret e
is the main load-carrying component .

6. The two types of flexible pavements in common use are conventional and full -
depth. Conventional pavements are layer systems with better materials on top
and are most suited to regions where local materials are available . Full-depth
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asphalt pavements, though more expensive, have gained popularity because of

their many advantages over conventional pavements .

7. The four types of rigid pavements are jointed plain concrete pavement (JPCP) ,
jointed reinforced concrete pavement (JRCP), continuous reinforced concrete

pavement (CRCP), and prestressed concrete pavement (PCP) . The most eco-

nomical construction is JPCP with closely spaced joints . Steel reinforcements in

JRCP do not increase its structural capacity, but allow the use of longer join t

spacings; if the pavement cracks, the steel can tie the concrete together . The ad-
vantage of CRCP is the complete elimination of transverse joints . Previous expe-
rience has indicated that the thickness required for CRCP should be the same a s

that for JPCP and JRCP. Although several experimental projects have been con-
structed in the United States, the use of PCP for highway pavements is limited ,
because the savings in materials is not sufficient to compensate for the extensive

labor required.

8. The three major road tests conducted from the mid-1940s to the early 1960s ar e
the Maryland Road Test for rigid pavements, the WASHO Road Test for flexibl e
pavements, and the AASHO Road Test for both flexible and rigid pavements .
The first two tests were initiated for taxation purposes to determine the relative

effects of four different axle loads on pavement distress ; the last test was mor e
comprehensive and involved the development of equations for design purposes .

9. A significant outcome for each test is summarized as follows : The Marylan d
Road Test indicated that pumping was the major cause of distress for pavement s
on fine-grained soils and that the stresses for all cases of loading were less tha n

50% of the modulus of rupture of the concrete prior to the development o f

pumping, but increased tremendously after pumping and caused the rupture o f
the slab . The WASHO Road Test indicated that the distress in the outer wheel -
path was more than that in the inner wheelpath and that the outer wheelpat h
with paved shoulders was the equivalent of the inner wheelpath, thus testifyin g

to the advantage of shoulder paving. The AASHO Road Test developed th e
pavement serviceability concept and the equations relating the change in service -
ability to the number of load repetitions, thus adding a new dimension to pave-
ment design.

10. Most of the design methods in use today are based on the 18-kip equivalen t

single-axle load and a fixed set of material properties for the entire design period .
However, with the use of modern computers and the mechanistic—empirical
methods, these limitations and approximations can be overcome . Each axle-loa d
group can be considered separately, and each year can be divided into a numbe r
of periods with widely different material properties for damage analysis .

11. Many of the mechanistic—empirical methods for flexible pavement design ar e
based on the horizontal tensile strain at the bottom of the asphalt layer and th e

vertical compressive strain on the surface of subgrade . With heavier axle loads
and higher tire pressures, much of the permanent deformation occurs in th e

upper layers above the subgrade. Consequently, the determination of permanent
deformation in each individual layer, instead of the vertical compressive strain o n

the subgrade, is a better approach .
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12. The fatigue principle has long been used throughout the world for the design of
concrete pavements . In view of the fact that pumping is the main cause of dis -
tress, the inclusion of corner deflection as a failure criterion, in addition to fatigu e
cracking, is warranted .

13. Other than the AASHTO empirical methods, the concepts of serviceability an d
reliability have not been widely accepted in current methods of pavement design .
As more research is directed to these concepts and more efficient compute r
programs are developed, it is expected that these concepts will become more
popular and widely accepted in future mechanistic–empirical methods .

14. With the availability of high-speed computers and the improvement in laborato-
ry and field testing equipment, pavement design should be integrated into th e
pavement management system, so that the consequences of design alternative s
on life-cycle costs can be evaluated .

15. The design principles used for highway pavements can be equally applied to air -
port pavements with only a few exceptions, such as the consideration of aircraft
wandering on the number of load repetitions and the use of stationary loads a t
the end of runways.

16. The use of full-depth asphalt, which is popular for highway pavements, is ineffec-
tive for railroad trackbeds. It is more economical to place the HMA under the
ballast rather than over the ballast .

PROBLEMS AND QUESTION S

1.1 Sketch and show the dimensions of the most realistic contact areas for a dual-tandem axl e
load of 40,000 lb with a tire pressure of 100 psi . If the contact areas are assumed as rectan-
gles, what should be the dimension of the rectangular area? [Answer : most realistic are a
consisting of a rectangle and two semicircles with a length of 9 .78 in. and a width of 5 .87
in. ; rectangular area with a length of 8 .52 in . and a width of 5 .87 in . ]

1 .2 Mean monthly temperatures at a given paving project are September, 50°F ; October ,
32°F ; November, 24°F; December, -3°F; January, 14°F; February, 16°F; March, 22°F; April ,
25°F ; and May, 40°F. Calculate the freezing index . Is this value likely to be different fro m
the freezing index calculated from mean daily temperature? [Answer : 2851 degree days]

1 .3 Why is the limiting shear failure method of flexible pavement design rarely in use today ?
Under what situations could the method be used ?

1 .4 What is meant by the mechanistic—empirical method of pavement design? Is it possible t o
develop a wholly mechanistic method of pavement design? Why ?

1.5 What are the purposes of using a seal coat ?
1.6 What is the difference between a tack coat and a prime coat? Which requires the use of a

less viscous asphalt ?
1.7 Why are flexible pavements generally built in layers with better materials on top ?
1.8 What is the difference between a surface course and a binder course? Under what condi-

tions should a binder course be used ?
1.9 What are the advantages of placing a layer of HMA under a granular base or subbase ?

1.10 Describe the mechanics of pumping .
1.11 Explain why rigid pavements pump, whereas very few flexible pavements do so . Under

what conditions would a flexible pavement result in pumping ?
1.12 Which is more frost susceptible, silt or clay? Why?



44 Chapter 1

	

Introduction

1.13 Is frost heave due solely to the 9% volume expansion of soil water during freezing? Why?
1.14 Discuss the pros and cons of JPCP versus JRCP.
1.15 Discuss the pros and cons of JRCP versus CRCE
1.16 What are the advantages and disadvantages of prestressed pavements ?
1.17 What is the major distress in a composite pavement? How can it be prevented ?
1.18 Why are modern concrete pavements no longer built with a thickened edge ?
1.19 List any two conclusions from the Maryland Road Test that are similar to those found i n

the AASHO Road Test.
1.20 List any two conclusions from the WASHO Road Test that are similar to those found i n

the AASHO Road Test.
1.21 List any two conclusions from the Maryland Road Test on rigid pavements that are similar

to the WASHO Road Test on flexible pavements .
1 .22 Explain why, for a high-pressure tire, contact pressure is smaller than tire pressure .
1 .23 Why is the shape of contact area used for the design of flexible pavements different fro m

that for rigid pavements?
1 .24 On which pavement does pumping occur more frequently, airport or highway ?
1 .25 For a given wheel load, which should be thicker, a highway or an airport pavement? Why ?
1 .26 Discuss the basic design differences between an airport and a highway pavement .
1.27 Discuss the basic design differences between a highway pavement and a railroad trackbed .
1.28 What is meant by full-depth construction? Why is full-depth construction not recommende d

for railroad trackbeds?



Stresses and Strain s
in Flexible Pavements

2 .1

	

HOMOGENEOUS MAS S

The simplest way to characterize the behavior of a flexible pavement under whee l
loads is to consider it as a homogeneous half-space . A half-space has an infinitely larg e
area and an infinite depth with a top plane on which the loads are applied . The original
Boussinesq (1885) theory was based on a concentrated load applied on an elastic half -
space. The stresses, strains, and deflections due to a concentrated load can be integrat-
ed to obtain those due to a circular loaded area . Before the development of layere d
theory by Burmister (1943), much attention was paid to Boussinesq solutions becaus e
they were the only ones available. The theory can be used to determine the stresses ,
strains, and deflections in the subgrade if the modulus ratio between the pavement an d
the subgrade is close to unity, as exemplified by a thin asphalt surface and a thin gran-
ular base. If the modulus ratio is much greater than unity, the equation must be modi-
fied, as demonstrated by the earlier Kansas design method (Kansas State Highway
Commission, 1947) .

Figure 2 .1 shows a homogeneous half-space subjected to a circular load with a ra -
dius a and a uniform pressure q . The half-space has an elastic modulus E and a Poisso n
ratio v . A small cylindrical element with center at a distance z below the surface and r
from the axis of symmetry is shown . Because of axisymmetry, there are only three nor -
mal stresses, and o-t , and one shear stress, 7 rz , which is equal to Tu . These stress -
es are functions of q, r/a, and z/a .

2 .1 .1

	

Solutions by Chart s

Foster and Ahlvin (1954) presented charts for determining vertical stress o- Z , radial
stress o-r, tangential stress at , shear stress 7 rz , and vertical deflection w, as shown in
Figures 2 .2 through 2 .6 . The load is applied over a circular area with a radius a—and a n
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After the stresses are obtained from the charts, the strains can be obtained fro m

1
= = E [Qz — v(o r + (it ) ]

1
Er

= E
[7r — v(Qt + o-z) ]

E t = E [o-t — v(Qz + 0-A

If the contact area consists of two circles, the stresses and strains can be computed by
superposition .

Example 2 .1 :

Figure 2.7 shows a homogeneous half-space subjected to two circular loads, each 10 in . (254 mm)
in diameter and spaced at 20 in . (508 mm) on centers. The pressure on the circular area is 50 ps i
(345 kPa) . The half-space has elastic modulus 10,000 psi (69 MPa) and Poisson ratio 0 .5 . Deter-
mine the vertical stress, strain, and deflection at point A, which is located 10 in . (254 mm) below
the center of one circle.

(2 .1a )

(2.lb)

(2 .1c )

10 in.
50 ps i

	I
E=10,000psi

	

v = 0.5

10 in .
50 ps i

10 in.

YY

	

°A
az,6z,W =

FIGURE 2 . 7

Example 2.1 (1 in . = 25 .4 mm,
psi = 6 .9 kPa) .

20 in .

Solution: Given a = 5 in . (127 mm), q = 50 psi (345 kPa), and z = 10 in . (254 mm), from
Figures 2 .2, 2.3, and 2.4, the stresses at point A due to the left load with r/a = 0 and
z/a = 10/5 = 2 are Q Z = 0.28 X 50 = 14 .0 psi (96 .6 kPa) and a r = = 0.016 x 50 = 0 . 8
psi (5 .5 kPa) ; and those due to the right load with r/a = 20/5 = 4 and z/a = 2 are
o-z = 0.0076 x 50 = 0.38 psi (2 .6 kPa), O'r = 0 .026 x 50 = 1.3 psi (9 .0 kPa), and o-, = O . By
superposition, Q z = 14.0 + 0 .38 = 14 .38 psi (99 .2 kPa), = 0 .8 + 1 .3 = 2 .10 psi (14 .5 kPa) ,
and ift = 0 .8 psi (5.5 kPa) . From Eq. 2 .1a, Ez = [14 .38 — 0 .5(2.10 + 0.8)1/10,000 = 0 .00129 .
From Figure 2.6, the deflection factor at point A due to the left load is 0 .68 and that due to
the right load is 0 .21 . The total deflection w = (0 .68 + 0 .21) x 50 x 5/10,000 = 0 .022 in .
(0 .56 mm) . The final answer is cz = 14 .38 psi (99 .2 kPa), Ez = 0.00129, and w = 0 .022 in .

(0.56 mm) . The results obtained from KENLAYER are Q z = 14.6 psi (100 .7 kPa), ez = 0 .00132,
and w = 0 .0218 in . (0 .554 mm), which check closely with those from the charts.
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In applying Boussinesq's solutions, it is usually assumed that the pavemen t
above the subgrade has no deformation, so the deflection on the pavement surfac e
is equal to that on the top of the subgrade . In the above example, if the pavemen t
thickness is 10 in . (254 mm) and point A is located on the surface of the subgrade,
the deflection on the pavement surface is 0 .022 in . (0 .56 mm) .

2 .1 .2 Solutions at Axis of Symmetry

When the load is applied over a single circular loaded area, the most critical stress ,
strain, and deflection occur under the center of the circular area on the axis of symme -
try, where T,, = 0 and if, = o t , so o Z and o-, are the principal stresses .

Flexible Plate The load applied from tire to pavement is similar to a flexible plat e
with a radius a and a uniform pressure q . The stresses beneath the center of the plat e
can be determined from

z3	
az = g~1

	

(a 2 + z 2 ) 1 .5 ]

q

	

2(1 + v)z

	

z 3
= 2 [1 + 2v — (a2 + z2)° .5 + (a2 + z2)1 . 5

Note that o-, is independent of E and v, and o - , is independent of E . From Eq. 2 .1 ,

(1 + v)q
6z=

	

E

	

L1—2v +

(1 + v) q

	

= 2E

	

1—2v

2vz
( a 2 + z2)° .5

2(1 — v)z
( a 2 + z2)° .5

3z

(a2 + z 2 ) 1.5 ]

z3
(a2 + z 2 ) 1 . 5+

The vertical deflection w can be determined fro m

a w =
(1 v)qa

(a 2 + z 2 )os +
1	

a

	 2v
[(a2 + z2)os — z)]}

	

(2.6)
E

When v = 0 .5, Eq. 2 .6 can be simplified to

3qa 2
w =

2E(a2 + z2 ) ° 5

On the surface of the half-space, z = 0 ; from Eq . 2 .6 ,

2(1 — v2 )qa

w0

	

E
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Example 2.2 :

Same as Example 2 .1, except that only the left loaded area exists and the Poisson ratio is 0 .3, as
shown in Figure 2 .8 . Determine the stresses, strains, and deflection at point A .

10 in .

50 psi

10 in .

E = 10,000 psi
v = 0 .3

Ao

allo,e,w=?

FIGURE 2 . 8

Example 2.2 (1 in. = 25 .4 mm ,
1 psi = 6 .9 kPa) .

Solution: Given a = 5 in. (127 mm), q = 50 psi (345 kPa), and z = 10 in. (254 mm), from
Eq. 2 .2, vz = 50[1 — 1000/(25 + 100) 15] = 14 .2 psi (98 .0 kPa) . With v = 0.3, from Eq. 2.3 ,

= 25[1 + 0 .6 — 2 .6 x 10/(125)°.5 + 1000/(125) 15 ] _ -0.25 psi (—1 .7 kPa) . The negativ e
sign indicates tension, which is in contrast to a compressive stress of 0 .8 psi (5 .5 kPa) when
v = 0 .5 . From Eq . 2.4, Ez = 1.3 x 50/10,000 [1 — 0.6 + 0 .6 x 10/(125) 05 — 1000/(125) 15] =

0 .00144 . From Eq . 2 .5, Er = 1.3 x 50/20,000 [1 — 0.6 — 1 .4 x 10/(125) 05 + 1000/(125) 15] =

-0.00044 . From Eq . 2.6, w = 1 .3 X 50 x 5/10,000 {5/(125 ) 05 + 0 .4/5[(125 ) 0 .5 — 10]} = 0 .017 6
in . (0 .447 mm). The results obtained from KENLAYER are cr = 14 .2 psi (98.0 kPa) ,
0 r = -0 .249 psi (—1 .72 kPa), ez = 0 .00144, Er = -0 .000444, and w = 0 .0176 in . (0 .447 mm) ,
which are nearly the same as those derived from the formulas.

Rigid Plate All the above analyses are based on the assumption that the load is ap-
plied on a flexible plate, such as a rubber tire . If the load is applied on a rigid plate, such
as that used in a plate loading test, the deflection is the same at all points on the plate ,
but the pressure distribution under the plate is not uniform. The differences between a
flexible and a rigid plate are shown in Figure 2 .9 .

The pressure distribution under a rigid plate can be expressed as (Ullidtz, 1987 )

q a
q ( r ) = 2(a2 — ,2r.5

	

(2.9 )

Uniform Pressure q

	I
Nonuniform Pressure q(r)

r Vvw Vw v
Pressur e
Distribution

Deflection
Basin

(a) Flexible Plate

	

(b) Rigid Plate

FIGURE 2 . 9

Differences between flexible and rigid plates .
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in which r is the distance from center to the point where pressure is to be determine d
and q is the average pressure, which is equal to the total load divided by the area . The
smallest pressure is at the center and equal to one-half of the average pressure . The
pressure at the edge of the plate is infinity . By integrating the point load over the area ,
it can be shown that the deflection of the plate i s

	

7r(l

	

v 2 )qa
'w0

	

(
1	 2E	 	 (2 .10 )

A comparison of Eq . 2 .10 with Eq. 2 .8 indicates that the surface deflection unde r
a rigid plate is only 79% of that under the center of a uniformly distributed load . This
is reasonable because the pressure under the rigid plate is smaller near the center o f
the loaded area but greater near the edge . The pressure near the center has a greater
effect on the surface deflection at the center . Although Eqs . 2 .8 and 2 .10 are based on a
homogeneous half-space, the same factor, 0 .79, can be applied if the plates are place d
on a layer system, as indicated by Yoder and Witczak (1975) .

Example 2 .3 :

A plate loading test using a plate of 12-in . (305-mm) diameter was performed on the surface o f
the subgrade, as shown in Figure 2.10 . A total load of 8000 lb (35 .6 kN) was applied to the plate ,
and a deflection of 0 .1 in . (2 .54 mm) was measured . Assuming that the subgrade has Poisson
ratio 0 .4, determine the elastic modulus of the subgrade .

12 in .

8000 lb
Rigid Plate
Deflects 0 .1 in .

Example 2 .3 (1 = 25 .4 mm ,
1lb=4.45N) .

	

v=0.4

	

E_ ?

Solution: The average pressure on the plate is q = 8000/(367r) = 70 .74 psi (488 kPa) . Fro m
Eq. 2.10, E = all — 0 .16) x 70 .74 x 6/(2 x 0 .1) = 5600 psi (38 .6 MPa) .

2 .1 .3 Nonlinear Mass

Boussinesq's solutions are based on the assumption that the material that constitute s
the half-space is linear elastic . It is well known that subgrade soils are not elastic an d
undergo permanent deformation under stationary loads . However, under the repeate d
application of moving traffic loads, most of the deformations are recoverable and ca n
be considered elastic . It is therefore possible to select a reasonable elastic modulu s
commensurate with the speed of moving loads . Linearity implies the applicability o f
the superposition principle, so the elastic constant must not vary with the state of
stresses . In other words, the axial deformation of a linear elastic material under an axial
stress should be independent of the confining pressure . This is evidently not true for

FIGURE 2 .10
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FIGURE 2 .1 1
Division of half-space into a
seven-layer system.

a00

soils, because their axial deformation depends strongly on the magnitude of confinin g
pressures. Consequently, the effect of nonlinearity on Boussinesq's solution is of prac -
tical interest .

Iterative Method To show the effect of nonlinearity of granular materials on vertica l
stresses and deflections, Huang (1968a) divided the half-space into seven layers, a s
shown in Figure 2 .11, and applied Burmister's layered theory to determine the stresse s
at the midheight of each layer . Note that the lowest layer is a rigid base with a ver y
large elastic modulus.

After the stresses are obtained, the elastic modulus of each layer is determine d
from

E=Ea(1+/3O)

	

(2 .11 )

in which 8 is the stress invariant, or the sum of three normal stresses ; E is the elastic
modulus under the given stress invariant ; E0 is the initial elastic modulus, or the modu -
lus when the stress invariant is zero ; and a is a soil constant indicating the increase in
elastic modulus per unit increase in stress invariant . Note that the stress invariant
should include both the effects of the applied load and the geostatic stresses ; it can b e
expressed as

e=~ Z +u,+o +yz(1+2K0 )

	

(2.12 )

in which o-z , 0 r, and at are the vertical, radial, and tangential stresses due to loading ; y
is the unit weight of soil ; z is the distance below ground surface at which the stres s
invariant is computed; and Ko is the coefficient of earth pressure at rest. The proble m
can be solved by a method of successive approximations . First, an elastic modulus i s
assumed for each layer and the stresses are obtained from the layered theory . Given
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the stresses thus obtained, a new set of moduli is determined from Eq. 2 .11 and a new
set of stresses is then computed . The process is repeated until the moduli between tw o
consecutive iterations converge to a specified tolerance .

In applying the layered theory for nonlinear analysis, a question immediatel y

arises : Which radial distance r should be used to determine the stresses and the
moduli? Huang (1968a) showed that the vertical stresses are not affected signifi-
cantly by whether the stresses at r = 0 or r = co are used to determine the elastic
modulus, but the vertical displacements are tremendously affected . He later use d
the finite-element method and found that the nonlinear behavior of soils has a larg e
effect on vertical and radial displacements, an intermediate effect on radial and tan -
gential stresses, and a very small effect on vertical and shear stresses (Huang ,

1969a) . Depending on the depth of the point in question, the vertical stresses base d
on nonlinear theory may be greater or smaller than those based on linear theory

and, at a certain depth, both theories could yield the same stresses . This may explain
why Boussinesq's solutions for vertical stress based on linear theory have been ap-
plied to soils with varying degrees of success, even though soils themselves are basi-
cally nonlinear .

Approximate Method One approximate method to analyze a nonlinear half-space i s
to divide it into a number of layers and determine the stresses at the midheight of eac h
layer by Boussinesq's equations based on linear theory. From the stresses thus ob-
tained, the elastic modulus E for each layer is determined from Eq . 2.11 . The deforma-
tion of each layer, which is the difference in deflection between the top and bottom of
each layer based on the given E, can then be obtained . Starting from the rigid base, o r
a depth far from the surface where the vertical displacement can be assumed zero, th e
deformations are added to obtain the deflections at various depths . The assumption of
Boussinesq's stress distribution was used by Vesic and Domaschuk (1964) to predict
the shape of deflection basins on highway pavements, and satisfactory agreement s
were reported.

It should be noted that Eq . 2 .11 is one of the many constitutive equations fo r
sands . Uzan (1985), Pezo et al . (1992), and Pezo (1993) assumed that the modulu s
of granular materials depended not only on the stress invariant, 0, but also on th e
deviator stress, which is the difference between major and minor principal stresses .
This concept has been used in the 2002 Design Guide, as presented in Appendix F .
Other constitutive relationships for sands or clays can also be used, as discussed i n
Section 3 .1 .4 .

Example 2 .4 :

A circular load having radius 6 in . (152 mm) and contact pressure 80 psi (552 kPa) is applied o n
the surface of a subgrade. The subgrade soil is a sand with the relationship between the elastic
modulus and the stress invariant shown in Figure 2 .12a . The soil has Poisson ratio 0.3, the mas s
unit weight is 110 pcf (17.3 kN/m 3 ), and the coefficient of earth pressure at rest is 0 .5 . The soi l
is divided into six layers, as shown in Figure 2 .12b . Determine the vertical surface displacement
at the axis of symmetry.
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FIGURE 2 .1 2
Example 2.4 (1 in . = 25 .4 mm, 1 psi = 6.9 kPa, 1 pcf = 157 .1 N/m 3 ) .

Solution: At the midheight of layer 1, z = 6 in . (152 mm) . From Eq . 2 .2, a-, = 80[1 — 216/
(36 + 36 ) 1 - 5 ] = 51 .7 psi (357 kPa). From Eq . 2.3, o-, = a•, = 40 [1 + 2 x 0 .3 — 2 .6 X 6/(72) 05 +
216/(72 ) 1 .5] = 4 .60 psi

	

(31.7

	

kPa) .

	

From

	

Eq .

	

2 .12,

	

0 = 51 .7 + 4 .6 + 4 .6 + 110 x 6 (1 +
2 x 0 .5)412) 3 = 61.7 psi (426 kPa) . From Eq. 2 .11 with E° = 18,800 psi (130 MPa) an d
/3 = 0 .0104, as shown in Figure 2 .12a, E = 18,800 (1 + 0 .0104 x 61 .7) = 30,900 psi (213 MPa) .
From Eq. 2 .6, the deflection at top, when z = 0, w = 1 .3 x 80 x 6 (1 + 1 — 0.6)/30,900 =
0.0283 in. (0 .719 mm), and the deflection at bottom, when z = 12 in . (305 mm), w = 1 .3 x 80 x
6 {6/(36 + 144) 05 + 0 .4[(180)°.5 — 12]/6}/30,900 = 0.0109 in. (0 .277 mm) . The deformation fo r
layer 1 is 0.0283 — 0 .0109 = 0 .0174 in . (0 .442 mm) . The deformations for other layers can be de-
termined similarly, and the results are tabulated in Table 2 .1 .
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TABLE 2 .1 Computation of Deformation for Each Layer

z at mid- Deform-
Layer Thickness height a, a, B (psi) E wE ation
no . (in .) (in .) (psi) (psi) Loading Geostatic (psi) (lb/in .) (in .)

873 . 6
1 12 6 51 .72 4 .60 60.92 0 .76 30,860 0.0174

338 . 0
2 12 18 11 .69 -0 .51 10 .67 2.29 21,330 0.0073

182 . 1
3 12 30 4 .57 -0.27 4.03 3 .82 20,330 0 .0029

123 . 2
4 12 42 2 .39 -0 .15 2 .09 5 .35 20,250 0 .001 5

92. 9
5 12 54 1 .46 -0 .09 1 .28 6 .88 20,400 0 .0009

74. 5
6 540 330 0 .04 0 .00 0 .04 42.01 27,020 0 .0025

7 . 5
Total 0 .0325

Note . 1 in. = 25 .4 mm, 1 psi = 6 .9 kPa, 1 lb/in . = 175 N/m.

To compute the deformation of each layer, the product of w and E at each
layer interface is first determined from Eq . 2 .6 . The difference in wE between th e
two interfaces divided by E gives the deformation of the layer. The surface deflec-
tion is the sum of all layer deformations and equals to 0 .0325 in . (0 .826 mm) . It is in-
teresting to note that the stress invariant 0 due to the applied load decreases wit h
depth, while that due to geostatic stresses increases with depth . As a result, the elas-
tic moduli for all layers, except layers 1 and 6, become nearly the same . Note als o
that more than 50% of the surface deflections are contributed by the deformation i n
the top 12 in. (305 mm) .

The same problem was solved by KENLAYER after the incorporation of
Eq. 2 .11 into the program . The differences in stress distribution between Boussines q
and Burmister theory and the resulting moduli are shown in Table 2 .2 . It can be seen
that the two solutions correspond well . The surface deflection based on layered theor y

TABLE 2 .2 Differences in Stresses and Moduli between Boussinesq and Burmister Solution s

Boussinesq Burmister

z at midheight (in .) a- (psi) a, (psi) E (psi) o

	

(psi) a, (psi) E (psi)

6 51 .72 4 .60 30,860 50 .46 4 .50 30,580
18 11 .69 -0 .51 21,330 10 .61 -0 .65 21,07 0
30 4 .57 -0 .27 20,330 4 .26 -0.27 20,28 0
42 2 .39 -0 .15 20,250 2 .31 -0.11 20,26 0
54 1 .46 -0 .09 20,400 1 .47 0 .01 20,44 0

330 0 .04 0 .00 27,020 0 .04 0 .00 27,020

Note . 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa .
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is 0 .0310 in . (0 .787 mm), which also agrees with the 0 .0325 in. (0 .826 mm) from Boussi -
nesq theory.

2.2

	

LAYERED SYSTEM S

Flexible pavements are layered systems with better materials on top and cannot be
represented by a homogeneous mass, so the use of Burmister's layered theory is mor e
appropriate . Burmister (1943) first developed solutions for a two-layer system an d
then extended them to a three-layer system (Burmister, 1945) .With the advent of com -
puters, the theory can be applied to a multilayer system with any number of layer s
(Huang, 1967, 1968a) .

Figure 2 .13 shows an n-layer system. The basic assumptions to be satisfied are :

1. Each layer is homogeneous, isotropic, and linearly elastic with an elastic modulu s
E and a Poisson ratio v .

2. The material is weightless and infinite in areal extent .

3. Each layer has a finite thickness h, except that the lowest layer is infinite i n
thickness .

4. A uniform pressure q is applied on the surface over a circular area of radius a .
5. Continuity conditions are satisfied at the layer interfaces, as indicated by th e

same vertical stress, shear stress, vertical displacement, and radial displacement .
For frictionless interface, the continuity of shear stress and radial displacement i s
replaced by zero shear stress at each side of the interface.

In this section, only some of the solutions on two- and three-layer systems with
bonded interfaces are presented . The theoretical development of multilayer systems i s
discussed in Appendix B .

2 .2 .1 Two-Layer System s

The exact case of a two-layer system is the full-depth construction in which a thick
layer of HMA is placed directly on the subgrade. If a pavement is composed of thre e

Layer 1

	

El, v 1

Layer 2

	

E2, V2

Layer n

	

En, v n

FIGURE 2 .1 3
An n-layer system subjected t o
a circular load .
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layers (e .g ., an asphalt surface course, a granular base course, and a subgrade), it is nec -
essary to combine the base course and the subgrade into a single layer for computin g
the stresses and strains in the asphalt layer or to combine the asphalt surface cours e
and base course for computing the stresses and strains in the subgrade .

Vertical Stress The vertical stress on the top of subgrade is an important factor i n
pavement design. The function of a pavement is to reduce the vertical stress on th e
subgrade so that detrimental pavement deformations will not occur . The allowabl e
vertical stress on a given subgrade depends on the strength or modulus of the sub -
grade. To combine the effect of stress and strength, the vertical compressive strain ha s
been used most frequently as a design criterion . This simplification is valid for highway
and airport pavements because the vertical strain is caused primarily by the vertica l
stress and the effect of horizontal stress is relatively small . As pointed out in
Section 1 .5 .2, the design of railroad trackbeds should be based on vertical stres s
instead of vertical strain, because the large horizontal stress caused by the distributio n
of wheel loads through rails and ties over a large area makes the vertical strain a poo r
indicator of the vertical stress .

The stresses in a two-layer system depend on the modulus ratio El/E2 and the
thickness–radius ratio h t/a . Figure 2.14 shows the effect of a pavement layer on the dis -
tribution of vertical stresses under the center of a circular loaded area . The chart is ap -
plicable to the case when the thickness h i of layer 1 is equal to the radius of contac t
area, or hi/a = 1 . As in all charts presented in this section, a Poisson ratio of 0 .5 is as -
sumed for all layers. It can be seen that the vertical stresses decrease significantly with
the increase in modulus ratio . At the pavement–subgrade interface, the vertical stress is
about 68% of the applied pressure if El /E2 = 1, as indicated by Boussinesq's stress
distribution, and reduces to about 8% of the applied pressure if E 2 /E2 = 100 .

Figure 2 .15 shows the effect of pavement thickness and modulus ratio on the ver -
tical stress cY at the pavement–subgrade interface under the center of a circular loaded
area. For a given applied pressure q, the vertical stress increases with the increase i n
contact radius and decreases with the increase in thickness. The reason that the rati o
a/h i instead of hi/a was used is for the purpose of preparing influence charts (Huang ,
1969b) for two-layer elastic foundations .
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FIGURE 2 .1 4
Vertical stress distribution in a two -
layer system . (After Burmister (1958) .) 3
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Example 2 .5 :
A circular load having radius 6 in . (152 mm) and uniform pressure 80 psi (552 kPa) is applied o n
a two-layer system, as shown in Figure 2 .16 . The subgrade has elastic modulus 5000 psi (35 MPa )
and can support a maximum vertical stress of 8 psi (55 kPa) . If the HMA has elastic modulus
500,000 psi (3 .45 GPa), what is the required thickness of a full-depth pavement? If a thin surfac e
treatment is applied on a granular base with elastic modulus 25,000 psi (173 MPa), what is th e
thickness of base course required ?

	c 6 in .

80 psi

= 500,000 psi

FIGURE 2 .1 6
Example 2 .5 (1 in . = 25 .4 mm ,
1 psi = 6.9 kPa) .

Solution: Given El/E2 = 500,000/5000 = 100 and o-c/q = 8/80 = 0 .1, from Figure 2 .15 ,
a/h t = 1 .15, or h l = 6/1 .15 = 5 .2 in . (132 mm), which is the minimum thickness for full depth .
Given El /E2 = 25,000/5000 = 5 and o-c /q = 0.1, from Figure 2 .15, a/hl = 0 .4, or h i = 6/
0.4 = 15 in. (381 mm), which is the minimum thickness of granular base required .

In this example, an allowable vertical stress of 8 psi (55 kPa) is arbitrarily selected t o
show the effect of the modulus of the reinforced layer on the thickness required . The al-
lowable vertical stress should depend on the number of load repetitions . Using the Shell de-
sign criterion and the AASHTO equation, Huang et al . (1984b) developed the relationship

Nd = 4.873 x 10-5 uc-3 .734 E3 .583

	

(2 .13 )

in which Nd is the allowable number of stress repetitions to limit permanent deforma-
tion, cr is the vertical compressive stress on the surface of the subgrade in psi, and E2 i s

ti

FIGURE 2 .1 5
0.4
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1 .6

	

2 .0

	

2 .4
Vertical interface stresses for two-laye r
systems . (After Huang (1969b) . )a/hi

E 2 = 5000 psi
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FIGURE 2 .1 7

Vertical surface deflections for two-layer systems. (After Burmister (1943))

the elastic modulus of the subgrade in psi . For a stress of 8 psi (5 kPa) and an elastic
modulus of 5000 psi (35 MPa), the allowable number of repetitions is 3 .7 x 105 .

Vertical Surface Deflection Vertical surface deflections have been used as a criterion
of pavement design. Figure 2.17 can be used to determine the surface deflections fo r
two-layer systems. The deflection is expressed in terms of the deflection factor F2 by

1.5ga

	

wo =
E,

F2

	

(2.14)

The deflection factor is a function of E t/E2 and h 1/a . For a homogeneous half-space
with htla = 0, F2 = 1, so Eq. 2.14 is identical to Eq . 2.8 when v = 0 .5 . If the load is
applied by a rigid plate, then, from Eq 2.10 ,

1.18ga

	

wo = E F2

	

(2.15 )
2

Example 2.6 :

A total load of 20,000 lb (89 kN) was applied on the surface of a two-layer system through a rigi d

plate 12 in. (305 mm) in diameter, as shown in Figure 2 .18. Layer 1 has a thickness of 8 in. (203

mm) and layer 2 has an elastic modulus of 6400 psi (44 .2 MPa). Both layers are incompressibl e

with a Poisson ratio of 0 .5 . If the deflection of the plate is 0.1 in . (2 .54 mm), determine the elastic

modulus of layer 1 .

1 . 0
0. 8

0 .6
0 .5

0 .4

0 .3

0 .2

0 . 1

0 .08

0 .06
0 .05

0 .04

0 .03

0 .02
543

h l / a
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12 in.

20,000 lb
Rigid Plate
Deflects 0 .1 in.

El ?

	

v I = 0 .5

	

8 in .

E2 = 6400 psi

	

v2 = 0.5

FIGURE 2 .1 8
Example 2 .6 (in . = 25 .4 mm, 1 psi = 6 .9 kPa,
l lb = 4 .45 N) .

Solution: The average pressure on the plate is q = 20,000/(367r) = 176 .8 psi (1 .22 MPa) .
From Eq. 2 .15, F2 = 0 .1 X 6400/(1 .18 x 176 .8 x 6) = 0 .511 . Given hi /a = 8/6 = 1 .333, from
Figure 2 .17, EI/E2 = 5, or El = 5 X 6400 = 32,000 psi (221 MPa) .

Vertical Interface Deflection The vertical interface deflection has also been used as a
design criterion . Figure 2 .19 can be used to determine the vertical interface deflectio n
in a two-layer system (Huang, 1969c) . The deflection is expressed in terms of the de-
flection factor F by

qa
w = E, F

a
(2 .16)

F

0 0.1 0 .2 0 .3 0 .4 0 .5 0.6 0 .7 0 .8 0 .9 1 .0 1 .1 1 .2 .3 1 .4 1 . 5

ro

IIMIM INK MIME
111111®II Iu ■■ ~I~ ■■
MIME NInFaMegilll
BIM! NIr ■■

1 =Al

11,1
NUMBERS ON CURVES INDICATE rI a

h 2a
4

Vertical deflectio n
El

	

at this point to be
	 sought	 i
E7,

E l
=E2

Deflection = E F
E2

FIGURE 2 .1 9
Vertical interface deflections for two-layer systems . (After Huang (1969c) .)
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F
0 0 .1 0 .2 0 .3 0.4 0 .5 0.6 0 .7 0 .8 0 .9 1 .0 1 .1 1.2 1 .3 1.4 1 .5

+ldlctoVertical deflection
Ei

	

at this point to be
	 sought	 i

FIGURE 2 .19 (Continued )

Note that Fin Eq . 2 .16 is different from F2 in Eq. 2 .14 by the factor 1 .5 . The deflection
factor is a function of E1 /E2, h 1 la, and r/a, where r is the radial distance from the center
of loaded area . Seven sets of charts for the modulus ratios 1, 2 .5, 5, 10, 25, 50, and 100 ,
are shown; the deflection for any intermediate modulus ratio can be obtained by inter-
polation. The case of E1/E2 = 1 is Boussinesq's solution .

Example 2 .7 :

Figure 2 .20 shows a set of dual tires, each having contact radius 4 .52 in . (115 mm) and contact
pressure 70 psi (483 kPa) . The center-to-center spacing of the dual is 13 .5 in . (343 mm) . Layer 1
has thickness 6 in . (152 mm) and elastic modulus 100,000 psi (690 MPa) ; layer 2 has elastic mod-
ulus 10,000 psi (69 MPa) . Determine the vertical deflection at point A, which is on the interfac e
beneath the center of one loaded area .

4 .52 in .

	

4 .52 in .
13 .5

70 psi

I
El = 100,000 psi

	

t
6"

	

FIGURE 2 .2 0w=?

	

I•

	

i'

	

Example 2 .7 (1 in. = 25 .4 mm ,
A

	

E 2 = 10,000 psi

	

1 psi = 6 .9 kPa) .
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Solution: Given El /E2 = 100,000/10,000 = 10 and h l /a = 6/4 .52 = 1 .33, from Figure 2 .19 ,
the deflection factor at point A due to the left load with r/a = 0 is 0 .56 and that due to the right
load with r/a = 13 .5/4 .52 = 2.99 is 0 .28 . By superposition, F = 0 .56 + 0 .28 = 0.84 . From
Eq. 2 .16, w = 70 X 4 .52/10,000 X 0.84 = 0.027 in . (0 .69 mm) . The interface deflection obtained
from KENLAYER is 0 .0281 in . (0 .714 mm), which checks well with the chart solution .

It should be pointed out that the maximum interface deflection under dual tires might no t
occur at point A . To determine the maximum interface deflection, it is necessary to compute th e
deflection at several points, say one under the center of one tire, one at the center between tw o
tires, and the other under the edge of one tire, and find out which is maximum .

Critical Tensile Strain The tensile strains at the bottom of asphalt layer have bee n
used as a design criterion to prevent fatigue cracking . Two types of principal strains
could be considered. One is the overall principal strain based on all six components o f
normal and shear stresses . The other, which is more popular and was used in KEN -
LAYER, is the horizontal principal strain based on the horizontal normal and shear
stresses only. The overall principal strain is slightly greater than the horizontal princi -
pal strain, so the use of overall principal strain is on the safe side .

Huang (1973a) developed charts for determining the critical tensile strain at th e
bottom of layer 1 for a two-layer system . The critical tensile strain is the overall strain
and can be determined from

e=fFe

	

(2.17)

in which e is the critical tensile strain and Fe is the strain factor, which can be deter-
mined from the charts .

Single Wheel Figure 2 .21 presents the strain factor for a two-layer system under
a circular loaded area . In most cases, the critical tensile strain occurs under the center
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of the loaded area, where the shear stress is zero . However, when both hi/a and Ei/E2
are small, the critical tensile strain occurs at some distance from the center, as the pre -
dominant effect of the shear stress. Under such situations, the principal tensile strain s
at the radial distances 0, 0.5a, a, and 1.5a from the center were computed, and the
critical value was obtained and plotted in Figure 2 .21 .

Example 2 .8 :

Figure 2 .22 shows a full-depth asphalt pavement 8 in . (203 mm) thick subjected to a single-whee l
load of 9000 lb (40 kN) having contact pressure 67 .7 psi (467 kPa) . If the elastic modulus of th e
asphalt layer is 150,000 psi (1 .04 GPa) and that of the subgrade is 15,000 psi (104 MPa), deter-
mine the critical tensile strain in the asphalt layer .

9000 lb

67 .7 ps i

E l = 150,000 psi

	

8 in.

E2 = 15,000 ps i

FIGURE 2 .2 2

Example 2 .8 (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 lb = 4 .45 N) .

Solution: Given a = 9000/(r x 67 .7) = 6 .5 in . (165 mm), h i/a = 8/6 .5 = 1 .23, and Ei /E2 =
150,000/15,000 = 10, from Figure 2 .21, Fe = 0 .72 . From Eq . 2 .17, the critical tensile strain
e = 67 .7 x 0 .72/150,000 = 3 .25 x 10-4 , which checks well with the 3 .36 x 10-4 obtained by
KENLAYER.

It is interesting to note that the bonded interface makes the horizontal tensil e
strain at the bottom of layer 1 equal to the horizontal tensile strain at the top of layer
2. If layer 2 is incompressible and the critical tensile strain occurs on the axis of sym-
metry, then the vertical compressive strain is equal to twice the horizontal strain, a s
shown by Eq. 2 .21 (as is discussed later) . Therefore, Figure 2 .21 can be used to deter-
mine the vertical compressive strain on the surface of the subgrade as well .

Dual Wheels Because the strain factor for dual wheels with a contact radius a
and a dual spacing Sd depends on Sd/a in addition to Ei/E2 and hi/a, the most direct
method is to present charts similar to Figure 2 .21, one for each value of Sd/a . However ,
this approach requires a series of charts, and the interpolation could be quite time -
consuming . To avoid these difficulties, a unique method was developed that require s
only one chart, as shown in Figure 2 .23 .

In this method, the dual wheels are replaced by a single wheel with the sam e
contact radius a, so that Figure 2 .21 can still be used. Because the strain factor for dua l
wheels is generally greater than that for a single wheel, a conversion factor C, which is th e
ratio between dual- and single-wheel strain factors, must be determined . Multiplication of
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the conversion factor by the strain factor obtained from Figure 2.21 will yield the strain
factor for dual wheels .

The two-layer theory indicates that the strain factor for dual wheels depends o n
h 1/a, Sd /a, and Ei/E2 . As long as the ratios hi/a and S d/a remain the same, the strain fac -
tor will be the same, no matter how large or small the contact radius a may be . Consid -
er a set of dual wheels with Sd = 24 in. (610 mm) and a = 3 in . (76 mm). The strain
factors for various values of h 1 and E1/E2 were calculated and the conversion factors
were obtained and plotted as a set of curves on the upper part of Figure 2 .23 . Another
set of curves based on the same S d but with a = 8 in. (203 mm) is plotted at the bot-
tom. It can be seen that, for the same dual spacing, the larger the contact radius, th e
larger the conversion factor . However, the change in conversion factor due to th e
change in contact radius is not very large, so a straight-line interpolation should give a
fairly accurate conversion factor for any other contact radii . Although Figure 2 .23 is
based on Sd = 24 in. (610 mm), it can be applied to any given Sd by simply changing a
and h t in proportion to the change in S d , so that the ratios h l / a and Sd/a remain the
same. The procedure can be summarized as follows :

1. From the given Sd, h i , and a, determine the modified radius a' and the modifie d
thickness hi :

24
a '= S-a

d
(2 .18a)

24
h l = S h l

d
(2 .18b)

2. Using hi as the pavement thickness, find conversion factors Ci and C2 from
Figure 2.23 .
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3. Determine the conversion factor for a' by a straight-line interpolation between 3
and 8 in . (76 and 203 mm), or

C=C1 +0.2X(a'—3)X(C 2 —C 1 )

	

(2 .19)

Example 2.9 :

For the same pavement as in Example 2 .8, if the 9000-lb (40-kN) load is applied over a set of dua l
tires with a center-to-center spacing of 11 .5 in. (292 mm) and a contact pressure of 67 .7 psi (467
kPa), as shown in Figure 2 .24, determine the critical tensile strain in the asphalt layer .

45001b ~

	

11 .5 in.

	

4500 l b

67 .7 psi

El = 150,000 psi

	

8 in.
e ?— -

E2 = 15,000 psi

FIGURE 2 .2 4

Example 2 .9 (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 lb = 4 .45 N) .

Solution: Given a = V/4500/(7r x 67 .7) = 4 .6 in . (117 mm), Sd = 11 .5 in . (292 mm), and
hi = 8 in. (203 mm), from Eq. 2.18, a' = 24 x 4.6/11 .5 = 9 .6 in . (244 mm) and hi = 24 x 8/
11 .5 = 16 .7 in. (424 mm) . With El /E2 = 10 and an asphalt layer thickness of 16 .7 in. (424 mm), from
Figure 2.23, CI = 1 .35 and C2 = 1 .46 . From Eq. 2.19, C = 1 .35 + 0 .2 (9 .6 – 3) (1 .46 – 1 .35) =
1 .50. From Figure 2 .21, the strain factor for a single wheel = 0 .47 and that for dua l
wheels = 1 .50 x 0 .47 = 0 .705, so the critical tensile strain e = 67 .7 X 0.705/150,000 =
3 .18 x 10-4 , which checks closely with the 3 .21 x 10-4 obtained by KENLAYER .

By comparing the results of Examples 2 .8 and 2.9, it can be seen that, in thi s
particular case (when the asphalt layer is thick and the dual spacing is small), a loa d
applied on a set of dual tires yields a critical strain that is not very different from tha t
on a single wheel . However, this is not true when thin asphalt layers or large dua l
spacings are involved .

Huang (1972) also presented a simple chart for determining directly the maxi -
mum tensile strain in a two-layer system subjected to a set of dual tires spaced at a dis-
tance of 3a on center . A series of charts relating tensile strains to curvatures was als o
developed, so that the tensile strain under a design dual-wheel load can be evaluated in
the field by simply measuring the curvature on the surface (Huang, 1971) .

Dual-Tandem Wheels Charts similar to Figure 2 .23 with dual spacing Sd of 24
in. (610 mm) and tandem spacings S t of 24 in . (610 mm), 48 in. (1220 mm), and 72 in .
(1830 mm) were developed for determining the conversion factor due to dual-tande m
wheels, as shown in Figures 2 .25, 2 .26, and 2 .27 . The use of these charts is similar to the
use of Figure 2 .23 . Because the conversion factor for dual-tandem wheels depends o n
h 1 /a, Sd /a, and Sr/a, and because the actual Sd may not be equal to 24 in . (610 mm), it is
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C t

FIGURE 2 .2 5
Conversion factor for dual-tandem wheel s
with 24-in . tandem spacing (1 in . = 25 .4 mm) .
(After Huang (1973a) .)
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FIGURE 2 .2 6
Conversion factor for dual-tandem wheel s
with 48-in . tandem spacing (1 in . = 25 .4 mm) .
(After Huang (1973a) . )

necessary to change Sd to 24 in . (610 mm) and then change the contact radius a pro -
portionately according to Eq . 2 .18a, thus keeping the ratio Sd /a unchanged .

The values of h 1 and St must also be changed accordingly to keep h t/a and St / a
unchanged . Therefore, the original problem is changed to a new problem with
Sd = 24 in. (610 mm) and a new S t. The conversion factor for St = 24, 48, and 72 in .
(0 .61, 1 .22, and 1 .83 m) can be obtained from the charts ; that for other values of St can
be determined by interpolation .



2 .2 Layered Systems 69

1 . 6

1 .4
C l

1 .2

1 .0

1 . 6

1 .4
C2

1 .2

1 .02

■■■ ■■N'

~0`

	

IM "■■■■_.■■r■■B11=■I II■I~■■■■MEW IN

//■/

	

i/=mod■

6

	

10

	

14

	

18
Thickness of Asphalt Layer, in .

FIGURE 2 .27

Conversion factor for dual-tandem wheel s
with 72-in . tandem spacing (1 in. = 25 .4 mm) .
(After Huang (1973a) . )
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Sd = 24 in .
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If the new values of S t are greater than 72 in. (1 .83 m), Figure 2 .23, based on dual
wheels can be used for interpolation . In fact, Figure 2 .23 is a special case of dual -
tandem wheels when the tandem spacing approaches infinity. It was found that, when
St = 120 in . (3 .05 m) the conversion factor due to dual-tandem wheels does not diffe r
significantly from that due to dual wheels alone, so Figure 2 .23 can be considered to
have a tandem spacing of 120 in. (3 .05 m) .

A comparison of Figure 2 .23 with Figures 2 .25 through 2 .27 clearly indicates that ,
in many cases, the addition of tandem wheels reduces the conversion factor, thus de -
creasing the critical tensile strain . This is due to the compensative effect caused by the
additional wheels . The interaction among these wheels is quite unpredictable, as indi -
cated by the irregular shape of the curves in the lower part of Figures 2 .26 and 2 .27 .

Example 2 .10 :
Same as example 2 .9, except that an identical set of duals is added to form dual-tandem wheels
having the tandem spacing 49 in. (1 .25 m), as shown in Figure 2 .28 .

FIGURE 2 .28
Example 2.10 (1 in. = 25.4 mm, 1 psi =
6.9 kPa, 1 lb = 4 .45 N) .
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Stresses and Strains in Flexible Pavement s

Solution: Given S d = 11 .5 in . (292 mm) and S t = 49 in . (1 .25 m), modified tandem spacing =
49 x 24/11 .5 = 102 .3 in . (2 .60 m) . Values of a' and h' are the same as in Example 2 .8 . When
S r = 72 in . (1 .83 m), a' = 9 .6 in . (244 mm), and hi = 16 .7 in . (424 mm), from Figure 2.27 ,
C = 1 .23 + 0 .2 (9 .6 - 3) (1 .30 - 1 .23) = 1 .32, which is smaller than the 1 .5 for the dual wheels
alone . With a conversion factor of 1 .32 for Sr = 72 in . (1 .83 m) and 1 .50 for Sr = 120 in . (3 .05 m) ,
by straight-line interpolation, C = 1 .32 + (1 .50 - 1 .32)(102 .3 - 72)/(120 - 72) = 1 .43 . The
strain factor due to dual-tandem wheels = 1 .43 X 0 .47 = 0.672 . Critical tensile strain =
67 .7 x 0 .672/150,000 = 3 .03 x 10 -4, which checks closely with the 3 .05 X 10-4 obtained from
KENLAYER .

2.2 .2 Three-Layer System s

Figure 2 .29 shows a three-layer system and the stresses at the interfaces on the axis o f
symmetry. These stresses include vertical stress at interface 1, azi , vertical stress at in-
terface 2, 0 z2 , radial stress at bottom of layer 1, radial stress at top of layer 2, o ,
radial stress at bottom of layer 2, (7r2, and radial stress at top of layer 3, u 2 . Note that,
on the axis of symmetry, tangential and radial stresses are identical and the sheer stress
is equal to 0 .

When the Poisson ratio is 0 .5, we have, from Eq . 2 .1 ,

E (0-z - '7 Y )

1
Er =

2E
(Qr — Uz)

(2 .20a )

(2 .20b)

Equation 2 .20 indicates that the radial strain equals one-half of the vertical strain an d
is opposite in sign, or

E z = -2E r

	

(2 .21 )

Equation 2 .21 can be visualized physically from the fact that, when a material i s
incompressible and has the Poisson ratio 0 .5, the horizontal strain is equal to one-half
of the vertical strain and the sum of E z , Er , and E t must be equal to O .

2a

q

v l = 0 .5, E l

Interface 1

h2v2 = 0 .5, E 2 10-z 2

	 -► ur2

-w
.- 0 r2

y r

FIGURE 2 .29 Interface 2

Stresses at interfaces of a three -
layer system .

v3 = 0 .5, E 3
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Jones' Tables The stresses in a three-layer system depend on the ratios k1 , k2, A, and

H, defined as

E1

	

E2
ki =

	

k2 = —
E2

	

E3

a

	

h 1
A=— H=

h2

	

h2

Jones (1962) presented a series of tables for determining o- Zc, 0 z1 – art, 0- z2, and
o-z2 – o- r2• His tables also include values of 0 z1 – dr1 at the top of layer 2 an d
0-z2 – O-r2 at the top of layer 3, but these tabulations are actually not necessar y
because they can be easily determined from those at the bottom of layers 1 and 2 .
The continuity of horizontal displacement at the interface implies that the radia l
strains at the bottom of one layer are equal to that at the top of the next layer, or ,
from Eq . 2 .20b ,

_~z1 -0-r1
(2 .23a)0-z1 — 0-rl

_

k1

0- z2 -0-r2 (2.23b)
o z2 — Crr2 k2

The tables presented by Jones consist of four values of k1 and k2 (0 .2, 2, 20, and
200), so solutions for intermediate values of k 1 and k2 can be obtained by interpolation .
In view of the fact that solutions for three-layer systems can be easily obtained b y
KENLAYER and the interpolation from the tables is impractical and requires a larg e
amount of time and effort, only the more realistic cases (k 1 = 2, 20, and 200, an d
k2 = 2 and 20) are presented, to conserve space.

Table 2 .3 presents the stress factors for three-layer systems . The sign conventio n
is positive in compression and negative in tension . Four sets of stress factors,ZZ1,

ZZ2, ZZ1 – RR1, and ZZ2 – RR2—are shown . The product of the contact pressure
and the stress factors gives the stresses :

o-zi = q (ZZ1) (2 .24a)

6a = q (ZZ2) (2 .24b)

o z1 – 0 r1 = q (ZZ1 – RR1) (2.24c)

o- z2 – o- r2 = q (ZZ2 – RR2) (2.24d)

Example 2 .11 :

Given the three-layer system shown in Figure 2 .30 with a = 4 .8 in. (122 mm), q = 120 psi (828
kPa), h1 = 6 in . (152 mm), h2 = 6 in . (203 mm), E1 = 400,000 psi (2.8 GPa), E2 = 20,000 psi
(138 MPa), and E3 = 10,000 psi (69 MPa), determine all the stresses and strains at the tw o
interfaces on the axis of symmetry .

(2 .22a)

(2 .22b)
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120 ps i

E l = 400,000 psi

	

6 in .

E 2 = 20,000 psi

	

j allcr,e=?

	

6in .

E 3 = 10,000 ps i

FIGURE 2 .3 0
Example 2 .11 (1 in . = 25.4 mm, 1 psi = 6.9 kPa) .

Solution: Given k l = 400,000/20,000 = 20, k 2 = 20,000/10,000 = 2, A = 4 .8/6 = 0 .8, and
H = 6/6 = 1 .0, from Table 2 .3, ZZ1 = 0 .12173, ZZ2 = 0 .05938, ZZ1 - RR1 = 1 .97428, and
ZZ2 - RR2 = 0.09268 . From Eq. 2 .24, o-zi = 120 X 0.12173 = 14.61 psi (101 kPa), Q Z2 = 120 x
0 .05938 = 7 .12 psi (49.1 kPa), uzl - 0 r1 = 120 X 1 .97428 = 236 .91 psi (1 .63 MPa), and Qom, -
Q r2 = 120 X 0 .09268 = 11 .12 psi (76.7 kPa) . From Eq. 2 .23, uzi - ~rl = 236.91/20 = 11 .85 psi
(81 .8 kPa) and cr Z 2 - dr2 = 11.12/2 = 5 .56 psi (38 .4 kPa) . At bottom of layer 1 :
a rt = 14.61 - 236.91 = -222.3 psi (-1 .53 MPa), from Eq. 2.20, E Z = 236 .91/400,000 =
5 .92 x 10 -4 and E r = -2 .96 X 10-4 . At top of layer 2 : o = 14.61 - 11 .85 = 2.76 psi (19 .0
kPa), EZ = 11.85/20,000 = 5.92 x 10 -4, and or = -2.96 X 10-4 . At bottom of layer 2 :
Ur2 = 7.12 - 11 .12 = -4.0 psi (-28 kPa), EZ = 11 .12/20,000 = 5 .56 x 10 -4 , and E r = -2 .78 x
10 -4 . At top of layer 3 : o. 2 = 7 .12 - 5 .56 = 1 .56 psi (10.8 kPa), E, = 5.56/10,000 = 5 .56 X 10-4
and E r = -2 .78 X 10-4.

In the foregoing example, the parameters k 1 , k2 , A, and H are exactly the same a s
those shown in the table, so no interpolation is needed . Because each interpolation re -
quires three points, the interpolation of only one parameter requires at least thre e
times the effort . If all four parameters are different from those in the table, the total ef-
fort required will be 3 X 3 X 3 X 3, or 81 times .

Peattie's Charts Peattie (1962) plotted Jones' table in graphical forms . Figure 2 .3 1
shows one set of charts for radial strain factors, (RR1 - ZZ1)/2, at the bottom of layer
1 . As indicated by Eq . 2 .20b, the radial strain can be determined fro m

= q
(RR12ZZ1 1

Er	 	 l

	

(2 .25)

The radial strains at the bottom of layer 1 should be in tension . Although the solutions
obtained from the charts are not as accurate as those from the table, the chart has the
advantage that interpolation for A and H can be easily done . However, interpolatio n
for kl and k2 is still cumbersome .
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FIGURE 2 .31 (Continued )

120 ps i

4 4
E 1 = 400,000 ps i

E 2 = 20,000 ps i

FIGURE 2 .3 2
Example 2 .12 (1 in = 25 .5 mm, E 3 = 10,000 ps i
1 psi = 6 .9 kPa) .

Solution : Given k1 = 20, k2 = 2, A = 0 .8, and H = 1 .0, from Figure 2 .31c, (RR1 — ZZ1) /
2 = 1 . From Eq. 2 .25, Er = 120/400,000 = 3 X 10 -4 (tension), which checks closely with th e
2.96 x 10 -4 from the table. Given h2 = 8 in . (203 mm), A = 4 .8/8 = 0 .6, and H = 6/8 = 0.75 ,
from Figure 2 .31c, the strain factor is still close to 1, indicating that the thickness of layer 2 ha s
very little effect on the tensile strain due to the predominant effect of layer 1 . The radial strain
obtained from KENLAYER is 2 .91 x 10 -4 .

2.3

	

VISCOELASTIC SOLUTION S

A viscoelastic material possesses both the elastic property of a solid and the viscous
behavior of a liquid. Suppose that a material is formed into a ball . If the ball is thrown o n
the floor and rebounds, it is said to be elastic . If the ball is left on the table and begins t o
flow and flatten gradually under its own weight, it is said to be viscous . The viscous com-
ponent makes the behavior of viscoelastic materials time dependent : the longer the time ,

100	 	 100

0 .001

	

—~ 0 .001A=0 .1 H= 8
(e)k 1 =200,k2 =2

A=0.1 H= 8
(f)k 1 =200,k2 = 2

4 .8 in.

4 4
6 in .

6 in . or 8 in .
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the more the material flows. HMA is a viscoelastic material whose behavior depends o n
the time of loading, so it is natural to apply the theory of viscoelasticity to the analysis o f
layered systems. The general procedure is based on the elastic–viscoelastic correspon-
dence principle by applying the Laplace transform to remove the time variable t with a
transformed variable p, thus changing a viscoelastic problem to an associated elastic prob -
lem. The Laplace inversion of the associated elastic problem from the transformed vari-
able p to the time variable tresults in the viscoelastic solutions . Details about the theory of
viscoelasticity are presented in Appendix A . A simple collocation method to obtain the
viscoelastic solutions from the elastic solutions is presented in this section .

2.3 .1

	

Material Characterizatio n

There are two general methods for characterizing viscoelastic materials : one by a me-
chanical model, the other by a creep-compliance curve . The latter is used in KENLAY-
ER because of its simplicity. Because Poisson ratio v has a relatively small effect on
pavement behavior, it is assumed to be elastic independent of time . Therefore, only
modulus E is considered to be viscoelastic and time dependent .

Mechanical Models Figure 2 .33 shows various mechanical models for characterizing vis -
coelastic materials . The models are formed of two basic elements : a spring and a dashpot .

0-

	

0-

	

0-

	

if

(a) Elastic

	

(b) Viscou s

a

0-

(d) Kelvin

(c) Maxwell

if
(f) Generalized Mode l

if

(e) Burgers

FIGURE 2 .3 3

Mechanical models for viscoelastic materials .
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Basic Models An elastic material is characterized by a spring, as indicated i n
Figure 2 .33a, and obeys Hooke's law, which asserts that stress is proportional to strain :

Q = EE

	

(2 .26 )

Here, o- is stress, E is strain, and E is the elastic modulus .
A viscous material is characterized by a dashpot, as indicated in Figure 2 .33b, and

obeys Newton's law, according to which stress is proportional to the time rate of strain :

(2 .27 )

In this equation, A is viscosity and t is time . Under a constant stress, Eq . 2 .27 can easil y
be integrated to become

o- t
E _

A

Maxwell Model A Maxwell model is a combination of spring and dashpot in
series, as indicated in Figure 2 .33c. Under a constant stress, the total strain is the sum of
the strains of both spring and dashpot, or, from Eqs . 2 .26 and 2 .28 ,

	

E = o- +
~ t

=
cr 11 + t

	

(2 .29 )
E0 A0 Eo

	

To

in which To = .1o/Eo = relaxation time . A subscript 0 is used to indicate a Maxwel l
model . If a stress Qo is applied instantaneously to the model, the spring will experience
an instantaneous strain, o- 0/Eo . If this strain is kept constant, the stress will graduall y
relax and, after a long period of time, will become zero . This can be shown by solving
the differential equation

1

3~
+

	

(2 .30 )
at

	

E0 a

	

0

The first term on the right side of Eq . 2.30 is the rate of strain due to the spring, the secon d
term that due to the dashpot. If strain is kept constant, a€/at = 0, or, after integration,

o- = ifoexpl —

It can be seen from Eq. 2.31 that when t = 0,o- = moo; when t = cc, a- = 0 ; and when
t = To, a- = 0.368 a-o . Consequently, the relaxation time To of a Maxwell model is th e
time required for the stress to reduce to 36 .8% of the original value . It is more convenien t
to specify relaxation time than viscosity, because of its physical meaning . A relaxation time
of 10 min gives an idea that the stress will relax to 36 .8% of the original value in 10 min .

Kelvin Model A Kelvin model is a combination of spring and dashpot in parallel, a s
indicated in Figure 2 .33d. Both the spring and the dashpot have the same strain, but th e
total stress is the sum of the two stresses, or, using subscript 1 to indicate a Kelvin model ,

o- = E1E + Al
a E

at

(2 .28 )

t l

TO
(2 .31)
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If a constant stress is applied, then

de

	

_

	

t d t

fQ — E1e — Jo A l

or

	

e = E11 — exp( Ti)]

	

(2 .32)

in which T1 = A l/E1 = retardation time . It can be seen from Eq. 2.32 that when
t = 0, e = 0 ; when t = co, e = o-/E, or the spring is fully stretched to its total retard-
ed strain ; and when t = T1 , e = 0 .632o-/E 1 . Thus, the retardation time T1 of a Kelvin
model is the time to reach 63 .2% of the total retarded strain .

Burgers Model A Burgers model is a combination of Maxwell and Kelvin model s
in series, as indicated in Figure 2.33e . Under a constant stress, from Eqs. 2.29 and 2.32,

e
= Eo ~ 1 + Tot

+
E 1

~1 – exp~

	

(2 .33)

The total strain is composed of three parts : an instantaneous elastic strain, a viscous
strain, and a retarded elastic strain, as shown in Figure 2 .34 . Qualitatively, a Burgers
model well represents the behavior of a viscoelastic material . Quantitatively, a single
Kelvin model is usually not sufficient to cover the long period of time over which the
retarded strain takes place, and a number of Kelvin models could be needed .

Generalized Model Figure 2.33f shows a generalized model that can be used to
characterize any viscoelastic material . Under a constant stress, the strain of a general -
ized model can be written a s

e= -(1+ t) +

	

0-[1–exp(–t)]

	

(2 .34)
Eo

	

To

	

i=1 Ei

	

Tt

Instantaneous StrainEo
FIGURE 2 .34

Three components of strain for
t

	

a Burgers model.

a
E t
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in which n is the number of Kelvin models . This model explains the effect of load dura -
tion on pavement responses. Under a single load application, the instantaneous and th e
retarded elastic strains predominate, and the viscous strain is negligible . However ,
under a large number of load repetitions, the accumulation of viscous strains is th e
cause of permanent deformation .

Creep Compliance Another method to characterize viscoelastic materials is the
creep compliance at various times, D(t), defined a s

D(t) = E(t)

	

(2 .35 )

in which e(t) is the time-dependent strain under a constant stress.
Under a constant stress, the creep compliance is the reciprocal of Young's modu -

lus . For the generalized model, the creep compliance can be expressed a s
l

	

n
[1

	

/ D(t)= 1 1+ t
+1 1 —expl--) I

	

(2 .36 )
Eo

	

To/

	

i _ i E;

	

\ Tt J

Given the various viscoelastic constants, E0 , To, Ei , and

	

for a generalized
model, the creep compliances at various times can be computed from Eq . 2.36 .

Example 2 .13 :
A viscoelastic material is characterized by one Maxwell model and three Kelvin models con-
nected in series with the viscoelastic constants shown in Figure 2 .35a . Determine the creep com-
pliance at various times, and plot the creep-compliance curve .
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5 0

E 2 =5
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0	

0

	

1
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6
Time, t

(b )

2

1
= 0 . 1

FIGURE 2 .35

Example 2 .13 .
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TABLE 2 .4 Creep Compliance at Various Time s

Creep

	

Cree p
Time

	

compliance

	

Time

	

compliance

0 0 .500 2 1 .89 1
0.05 0 .909 3 2.01 6
0.1 1 .162 4 2 .129
0.2 1 .423 5 2.23 8
0.4 1 .592 10 2 .76 3
0.6 1 .654 20 3 .78 6
0.8 1 .697 30 4 .79 5
1 .0 1 .736 40 5 .79 8
1 .5 1 .819 50 6 .799

Solution : In Figure 2 .35a, no units are given for the viscoelastic constants . If E is in lb/in2,
then the creep compliance is in in .2 /lb . If E is in kN/m2 , then the creep compliance is in m2/kN.
If T is in seconds, then the actual time t is also in seconds . From Eq. 2.36, when
t=0,D=1/E°==0.5 ; and when t=0.1,D=0.5(1+0.1/5)+0.1(1–e°.01)+0.2
(1 — e° 1 ) + (1 — e ') = 1 .162 . The creep compliances at various times are tabulated in Table
2.4 and plotted in Figure 2 .35b . It can be seen that, after t = 5, all the retarded strains have near -
ly completed and only the viscous strains exist, as indicated by a straight line . If the retarde d
strain lasts much longer, more Kelvin models with longer retardation times will be needed .

If a creep compliance curve is given, the viscoelastic constants of a generalize d
model can be determined by the method of successive residuals, as described in
Appendix A . However, it is more convenient to use an approximate method of collo-
cation, as described below.

2.3.2 Collocation Method

The collocation method is an approximate method to collocate the computed and ac-
tual responses at a predetermined number of time durations . Instead of determinin g
both Ei and Ti by the method of successive residuals, several values of Ti are arbitraril y
assumed, and the corresponding E i values are determined by solving a system o f
simultaneous equations. The method can also be used to obtain the viscoelastic solu-
tions from the elastic solutions .

Elastic Solutions Given the creep compliance of each viscoelastic material at a given
time, the viscoelastic solutions at that time can be easily obtained from the elastic solu-
tions, as is illustrated by the following example .

Example 2 .14 :

Figure 2 .36 shows a viscoelastic two-layer system under a circular loaded area having radius 1 0
in . (254 mm) and uniform pressure 100 psi (690 kPa) . The thickness of layer 1 is 10 in . (254 mm) ,
and both layers are incompressible, with Poisson ratio 0 .5 . The creep compliances of the two ma-
terials at five different times are tabulated in Table 2.5 . Determine the surface deflection unde r
the center of the loaded area at the given times .
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10 in .
100 ps i

Layer 1
Creep

	

wo
compliances

	

vi = 0 . 5
shown in
Table 2 .5

10 in.

FIGURE 2 .3 6

Example 2.14 (1 in . = 25.4 mm ,
1 psi = 6 .9 kPa) .

Layer 2

Cree p
compliances

	

V 2 = 0 . 5
shown in
Table 2.5

cc

Solution : If the modulus ratio is greater than 1, the surface deflection wo at any given tim e
can be determined from Figure 2 .17 . Take t = 1 s, for example . The elastic modulus is the recip-
rocal of creep compliance . For layer 1, El = 1/(2 .683 X 10-6 ) = 3 .727 X 105 psi (2 .57 GPa) and
for layer 2, E2 = 1/(19 .52 X 10-6) = 5 .123 X 10 4 psi (353 MPa), so Ei1E2 = 3 .727 X 105 /
(5 .123 X 10 4 ) = 7 .27. From Figure 2 .17, F2 = 0.54, so w 0 = 1 .5 X 100 X 10 X 0 .54/(5 .123 X
104) = 0 .016 in . (4 .1 mm) . The same procedure can be applied to other time durations and th e
results are shown in Table 2 .5 .

TABLE 2 .5

	

Creep Compliances and Surface Deflection s

Time (s)

	

0.01

	

0 .1 1 10

	

10 0

Layer 1 D(t) (10 -6/psi)

	

1 .021

	

1 .205 2 .683 9 .273

	

18 .32 0
Layer 2 D(t) (10-6/psi)

	

1 .052

	

7 .316 19 .520 73 .210

	

110 .00 0
Deflection wo (in .)

	

0.0016

	

0 .0064 0 .016 0 .059

	

0 .096

Note . 1 psi = 6 .9 kPa, 1 in . = 25 .4 mm .

It should be noted that the above procedure is not the exact viscoelastic solution .
It is a quasi-elastic solution that provides a close approximation to the viscoelastic
solution .

Dirichlet Series Pavement design is based on moving loads with a short duration . The
creep compliance D(t) caused by the viscous strain is negligible, so Eq . 2 .36 can b e
written as

n

	

D(t) = 1+
E

1 1— exp~—
t

	

(2 .37 )
E0

	

i=1 Ei

	

Ti

It is therefore convenient to express the creep compliance as a Dirichlet series, o r

n

	

t
D(t) = EGi exp(--

i=1

	

Tl
(2 .38)
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A comparison of Eqs . 2 .37 and 2 .38 with T, = oo shows tha t

— +
Eo

	

i=1 Ei

In KENLAYER, the collocation method is applied at two occasions . First, th e
creep compliances at a reference temperature are specified at a number of time dura -
tions and fitted with a Dirichlet series, so that the compliances at any other tempera -
ture can be obtained by the time—temperature superposition principle . Second, th e
elastic solutions obtained at these durations are fitted with a Dirichlet series to be use d
later for analyzing moving loads .

Collocation of Creep Compliances The creep compliances of viscoelastic material s
are determined from creep tests . A 1000-s creep test with compliances measured at 1 1
different time durations (0 .001, 0 .003, 0 .01, 0 .03, 0 .1, 0 .3, 1, 3, 10, 30 and 100 s) is recom -
mended (FHWA, 1978) to cover all possible range of interest . This range from 0 .001 t o
100 s should be able to take care of moving loads with both short and long duration a s
well as the change in creep compliances with temperature .

Because moving loads usually have a very short duration, retardation times Ti of
0 .01, 0 .03, 0 .1,1,10, 30, and oo seconds are specified in KENLAYER. If creep compli -
ances are specified at seven durations, the coefficients G 1 through G7 can be deter-
mined from Eq . 2 .38 by solving 7 simultaneous equations . If the creep compliances ar e
specified at 11 time durations, there are 11 equations but 7 unknowns, so the 11 equa -
tions must be reduced to 7 equations by multiplying both sides with a 7 X 11 matrix ,
which is the transpose of the 11 x 7 matrix, or

1
G .

	

Gn1n 1

(2 .39a )

(2 .39b)

exp( -- I . .
.exp\–Ti /

7 X /11 matrix

exp`
-TI

I . . . exp
T7

11 X 7 matrix

exp–T . . .exp~--
tit )

_
—exp(–T7) . . .exp(–T)-

-

exp(–T) . . .exp(–Ti)

	

D1
7 x 11 matrix :

	

(2 .40 )

exp(–ti) . . .exp(–tll)

	

Di l
T7

	

\\\\ T7

After coefficients G1 through G7 are obtained, the creep compliance at any time t ca n
be computed by Eq. 2 .38 . The use of 7 equations and 7 unknowns, instead of 11 equa-
tions and 11 unknowns, not only saves the computer time but also smooths out th e
results of creep tests .
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Example 2 .15 :
It is assumed that the creep compliance of a viscoelastic material is represented b y

D(t) = Gt exp(-lOt) + G2

	

(2 .41 )

If the creep compliances at t = 0 .01, 0 .07, and 0 .4 s are 9 .516 x 10-5 , 5 .034 x 10 -4 and
9.817 x 10-4 in . 2/lb (13 .8, 72 .9, and 142 .3 mm 2/kN), respectively, determine the coeffi-
cients GI and G2 .

Solution: With

	

t i = 0.01, t2 = 0 .07, t3 = 0 .4, Ti = 0 .1, T2 = oo , Di = 9.516 x 10-5 , D2 =
5 .034 x 10-4 , and D3 = 9.817 x 10 -4 . From Eq . 2 .40 ,

[e-°- 1 e -03 e 4

1

	

1

	

1 ]

e-o .i

e-a 7
e -4 Le

o.i e -o. 7

1

	

1

9 .516 x 10- 5e_41
5 .034 x 10 - 4

1

	

9 .817 x 10- 4

1
1
1

or
[1 .066

1 .420 3 .000,1G2

1 - { 1 .580 x 10-3 }

The solution of Eq . 2 .42 is GI = -0 .001 in . 2/lb (-145 mm2/kN) and G2 = 0 .001 in. 2/lb
(145 mm 2/kN), which is as expected because the given creep compliances are actually compute d
from a Kelvin model with

D(t) = 0 .001 (1 - e -l°')

	

(2 .43 )

Time-Temperature Superposition It has been demonstrated that asphalt mixes sub-
jected to a temperature increase experience an accelerated deformation as if the tim e
scale were compressed . Figure 2 .37 shows the plot of creep compliance D versus time t

t
log T

tTo

(2 .42 )

log Time

FIGURE 2 .3 7
Creep compliance at different temperatures .
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on log scales . At a given time, the creep compliance at a lower temperature is smalle r
than that at a higher temperature . There is a parallel shift between the curves at various
temperatures.

If the creep compliances under a reference temperature To are known, thos e
under any given temperature T can be obtained by using a time—temperature shif t
factor aT , defined (Pagen, 1965) as

aT = tT

	

(2 .44)
To

in which tT is the time to obtain a creep compliance at temperature T and tTo is the time
to obtain a creep compliance at reference temperature To .

Various laboratory tests on asphalt mixes have shown that a plot of log aT versus
temperature results in a straight line, as shown in Figure 2 .38 . The slope of the straight
line f3 varies from 0 .061 to 0 .170, with an average about 0 .113 (FHWA, 1978) . From
Figure 2 .38,

log(tTltTo )
(2 .45 )

T — To

or

	

tT = tT0 exp[2.3026/3(T — To)] (2 .46 )

If the creep compliance based on the reference temperature To is

(2 .47 )nD(t) = lGi exp — t7 a

t=1 Ti

then the creep compliance based on temperature T is

8

6

4

2

o0
a 0
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FIGURE 2 .3 8
Shift factor versus temperature.
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n

	

tT
D(t) = lG, expl —

\ Ti

The relationship between tT and tTo is indicated by Eq . 2 .46 .

Example 2 .16 :

The expression for the creep compliance at 70°F (21 .1°C) is represented by Eq . 2 .43 . What is th e
expression for creep compliance at 50°F (10°C) if the time—temperature shift factor /3 is 0 .113 ?

Solution: From Eq.2 .46, tT = tro exp[2 .3026 x 0 .113 x (50 — 70)] = 0 .0055tT0 . From Eq. 2 .43 ,
D(t) = 0 .001[1 — exp(—0.055t)] . It can be seen that the creep compliance at 50°F (10°C) i s
much smaller than that at 70°F (21 .1°C) .

Collocation for Viscoelastic Solutions Even though the exact viscoelastic solutions i s
not known, the viscoelastic response R can always be expressed approximately as a

Dirichlet series :

7

	

t
R = E ci exp ( --

	

(2 .49 )
=1

	

Ti

If elastic solutions at 11 time durations are obtained, Eq . 2.40 can be applied to reduc e
the number of equations to seven, which is the number of unknowns to be solved . If the
responses at seven time durations are obtained from the elastic solutions, the coeffi-
cients c l through c7 can be solved directly by

—
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(R )0 .0 1
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00=03
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c2

	

(R )0.03
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0_1
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(2 .50)
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e to e 3o 1
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( R )3 0
_ 1

	

1

	

1

	

1

	

1

	

1

	

1_ ' c7 (R) ~

After the coefficients c 1 are obtained, the viscoelastic response can be determined by

Eq. 2 .49 .

Example 2 .17 :

The creep compliance of a homogeneous half-space is expressed as a Dirichlet series shown b y
Eq. 2 .41 with GI = -0 .001 in . 2 /lb (—145 m m2/kN), G2 = 0 .001 in .2 /lb (145 mm2 /kN), Ti = 0 .1 s ,
and T2 = Do. Assuming that the half-space has Poisson ratio 0 .5 and is subjected to a circular
load with contact radius 6 in . (152 mm) and contact pressure 80 psi (552 kPa), as shown in
Figure 2.39, determine the maximum surface deflection after a loading time of 0 .1 s by th e
collocation method .

(2 .48)
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8 7

6 in .

80 ps i

D(t) = 0 .001(1-e -10t )
\w = ? at 0 .1 se

v = 0.5

FIGURE 2 .3 9
Example 2 .15 (1 in . = 25 .4 mm ,
1 psi = 6.9 kPa) .

Solution: The maximum deflection occurs under the center of the loaded area . With v = 0 .5 ,
from Eq . 2 .8,

1 .5ga
wo = E = 1.5gaD(t )

Substituting Eq. 2 .43 and the values of q and a into Eq . 2.51 yields

wo=0.72(1-elot )

When t = 0.1, from Eq . 2 .52, then wo = 0 .455 in . (11 .6 mm) .

The above solution is simple and straightforward . However, to illustrate the collocation
method, it is assumed that the surface deflections are expressed as a Dirichlet series, as shown by Eq .
2 .49 . The elastic response on the right side of Eq . 2 .53 is obtained from Eq . 2 .52 . From Eq. 2.50,

(2.51 )

(2.52)

0.368 0 .717 0.905 0 .990
0.050 0 .368 0 .741 0 .970
0 .000 0 .036 0 .368 0 .905
0 .000 0 .000 0 .000 0 .36 8
0 .000 0 .000 0 .030 0 .00 0
0.000 0 .000 0 .000 0 .000

1

	

1

	

1

	

1

0.069
0.187
0.45 5
0 .720

	

(2 .53 )
0.720
0.720
0.720

0.999 1 .000
0 .997 0 .999 1
0 .990 0 .997 1
0 .905 0 .967 1
0 .368 0 .717 1
0 .050 0 .368 1

The solution of Eq. 2 .53 is c l = 2 .186, c 2 = -3 .260, c3 = 2.214, c4 = -2 .055, c5 = 2 .446, co =
-2.229, and c 7 = 1 .418 . From Eq . 2.49, the surface deflection can be expressed a s

wo = 2 .186e-t/0 .01 — 3 .260e-tio .03 + 2 .214e -tro.i — 2 .055et
+ 2 .446e-t11 ° — 2 .229e1130 + 1 .418

	

(2.54)

When t=0.1,then w3 =0—0.116+0.814—1 .859+2 .422—2.222+1.418=0.457 in . (11 .6
mm), which checks with the exact solution of 0 .455 in . (11 .6 mm) .

2.3.3 Analysis of Moving Loads

The elastic—viscoelastic correspondence principle can be applied directly to moving loads,
as indicated by Perloff and Moavenzadeh (1967) for determining the surface deflection o f
a viscoelastic half-space, by Chou and Larew (1969) for the stresses and displacements i n
a viscoelastic two-layer system, by Elliott and Moavenzadeh (1971) in a three-layer sys-
tem, and by Huang (1973b) in a multilayer system . The complexities of the analysis and



88

	

Chapter 2

	

Stresses and Strains in Flexible Pavement s

FIGURE 2 .40

Moving load as a function of time .

the large amount of computer time required make these methods unsuited for practica l
use. Therefore, a simplified method has been used in both VESYS and KENLAYER .

In this method, it is assumed that the intensity of load varies with time according
to a haversine function, as shown in Figure 2 .40 . With t = 0 at the peak, the load func -
tion is expressed as

L(t) = q sinnl 2 +

	

(2 .55)

in which d is the duration of load . When the load is at a considerable distance from a
given point, or t = ±d/2, the load above the point is zero, or L(t) = 0. When the loa d
is directly above the given point, or t = 0, the load intensity is q .

The duration of load depends on the vehicle speed s and the tire contact radius a .
A reasonable assumption is that the load has practically no effect when it is at a dis-
tance of 6a from the point, or

d = 12a

	

(2 .56)
s

If a = 6 in . and s = 40 mph (64 km/h) = 58 .7 ft/s (17.9 m/s), d = 0.1 s .
The response under static load can be expressed as a Dirichlet series :

7

	

t
R(t) =

1=1

	

Ti

The response under moving load can be obtained by Boltzmann's superpositio n
principle :

/ 0

R = J R(t) dL
dt

d/2

	

d t

From Eq . 2 .55,

dL

	

in d

	

= —
q~r

	

2~r t

dt

	

d s

Substituting Eqs . 2 .49 and 2 .58 into Eq. 2 .57 and integrating yields

q~2 ' 1 + exp(—d/27'i )
=

	

c

	

2 -1

	

or e +
R	 E	

(d/2Ti ) 2

(2 .49 )

(2 .57 )

(2 .58 )

(2 .59 )

q

d
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Example 2 .18 :
Same as the problem in Example 2 .17, but the load is moving at 40 mph (64 km/h) . Determin e
the maximum deflection .

Solution: According to Eq . 2 .52 in Example 2 .17, the surface deflection under a static load
can be expressed as

w=0.72(1—e 1Ot )

	

(2.52)

The first term is independent of time and therefore remains the same regardless of whether th e
load is moving. From Eq . 2 .59, the second term with T = 0 .1 and d = 0.1 s for 40 mph (64 km/h )
should be changed to 0.5 X Tr' x 0 .72 (1 + e -0.5)/(77-2 + 0.25) = 0 .564 in. (14 .3 mm), so maxi -
mum deflection = 0 .72 — 0 .564 = 0 .156 in. (3 .96 mm) .

SUMMARY

This chapter discusses the stresses and strains in flexible pavements and their determi-
nations . An understanding of this subject is indispensable for any mechanistic method s
of design .

Important Points Discussed in Chapter 2

1. Boussinesq theory can be applied only to an elastic homogeneous half-space, such as th e
analysis of a plate bearing test on a subgrade or of a wheel load on a thin pavement .

2. An approximate method to determine the deflection on the surface of a nonlinear elastic half -
space, in which the elastic modulus varies with the state of stresses, is to assume the same stres s
distribution as in the linear theory but vary the moduli according to the state of stresses .

3. The most practical mechanistic method for analyzing flexible pavements is Burmister' s
layered theory. Based on two-layer elastic systems, various charts were developed fo r
determining pavement responses. The vertical interface stress beneath the center of a cir-
cular loaded area can be determined from Figure 2 .15, the vertical interface deflection a t
various radial distances from Figure 2.19. The critical tensile strain at the bottom of layer 1
under a single wheel can be determined from Figure 2 .21, under dual wheels from Figure
2 .23, and under dual tandem wheels from Figures 2 .25, 2 .26, and 2.27 . For three-layer elas -
tic systems, the stresses and strains at the interfaces beneath the center of a circular loaded
area can be determined from Table 2.3 and Figure 2 .31 .

4. Two methods can be used to characterize viscoelastic materials : a mechanical model and a
creep-compliance curve . Both are closely related, and each can be converted to the other .
The advantage of using a mechanical model is that the stress—strain relationship can b e
visualized physically to develop the governing differential equations ; the advantage o f
using a creep-compliance curve is that it can easily be obtained by a laboratory creep test .

5. The elastic—viscoelastic correspondence principle based on Laplace transforms, describe d
in Appendix A, can be used to analyze layered systems consisting of viscoelastic materials .
However, a more convenient method is to obtain the elastic solutions at a number of tim e
durations and fit them with a Dirichlet series as a function of time .

6. Instead of using the method of successive residuals, described in Appendix A, a collocatio n
method can be applied to convert the creep compliance to a mechanical model, as indicat -
ed by a Dirichlet series. The time—temperature superposition principle, as indicated b y
Eqs. 2 .46 and 2 .48, can then be applied to convert the creep compliance from a referenc e
temperature to any given temperature .



90 Chapter 2

	

Stresses and Strains in Flexible Pavements

7. The responses of viscoelastic layered systems under moving loads can be obtained from
those under static loads by applying Boltzmann's superposition principle, in which the
moving load is expressed as a haversine function and the static response as a Dirichle t
series .

PROBLEMS

2.1 A uniformly distributed load of intensity q is applied through a circular area of radius a on
the surface of an incompressible (v = 0 .5) homogeneous half-space with an elastic modu-
lus E, as shown in Figure P2.1 . In terms of q, a, and E, determine the vertical displacement ,
three principal stresses, and three principal strains at a point 2a below the surface unde r
the edge (r = a) of the loaded area. [Answer : w = 0 .58 galE, Ql = 0 .221q, Cr 2 =

0 .011q, u 3 = 0.004q, E l = 0 .214q/E, E2 = -0.102q/E, 83 = -0.112q/E]

2 a

q

E
v = 0 .5

2 a

FIGURE P2 . 1

2 .2 A 100-psi pressure is applied through a circular area 12 in . in diameter on a granular half-
space, as shown in Figure P2.2 . The half-space has mass unit weight its 110 pcf, coefficien t
of earth pressure at rest is 0 .6, its Poisson ratio is 0 .35, and its elastic modulus varies wit h
the sum of normal stresses according to the equation shown in the figure. Assuming that
the Boussinesq stress distribution is valid and that the stresses at a point 12 in. below th e
center of the loaded area are used to compute the elastic modulus, determine the maxi -
mum surface displacement . [Answer: 0 .054 in.]

12 in.

y= 110 pcf

10=0 .6

v = 0.35
12 in .

E = 30000 0
.5 5

FIGURE P2 .2
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2.3 A plate bearing test using a 12-in .-diameter rigid plate is made on a subgrade, as shown in
Figure P2 .3a . The total load required to cause settling by 0 .2 in. is 10,600 lb . After 10 in . o f
gravel base course is placed on the subgrade, a plate bearing test is made on the top of the
base course, as shown in Figure P2 .3b . The total load required to cause settling by 0 .2 in . is
21,200 lb . Assuming a Poisson ratio of 0.5, determine the thickness of base course require d
to sustain a 50,000-lb tire exerting a contact pressure of 100 psi over a circular area, a s
shown in Figure P2 .3c, yet maintain a deflection of no more than 0 .2 in . [Answer : 70 in . ]

50,000 lb

10,600 lb

	

21,200 lb

I

	

Rigid Plate
Deflects 0 .2 in .

	 I	 I	 I	 I
wo = 0 .2 in .

E 1 = ?

Subgrade E 2 = ?

	

Subgrade E 2

(a)

	

(b)

FIGURE P2 . 3

2.4 A 10,000-lb wheel load exerting contact pressure of 80 psi is applied on an elastic two-laye r
system, as shown in Figure P2 .4. Layer 1 has elastic modulus 200,000 psi and thickness 8 in .
Layer 2 has elastic modulus 10,000 psi . Both layers are incompressible, with Poisson rati o
0.5 . Assuming that the loaded area is a single circle, determine the maximum surface deflec -
tion, interface deflection, and interface stress . [Answer: 0 .025 in ., 0.024 in., 11 psi]

10,000 l b

80 psi

E l = 200,000 psi

wo=?

vl = 0.5 8 in .

w= ?

E2 = 10,000 psi

	

Qc = ?

	

v2 = 0.5 FIGURE P2 .4

2 .5 A full-depth asphalt pavement, consisting of an 8-in .-thick asphalt layer with elastic mod-
ulus 1,500,000 psi and a soil subgrade with elastic modulus 30,000 psi, is subjected to dual -
tandem wheel loads, as shown in Figure P2 .5 . Each load weighs 50,000 lb, with a tir e
pressure of 100 psi and center-to-center spacings of 28 in . between dual and 60 in . between

psi100
r

w

Bas e

12 in .
10 in .

	

B1

	

h
I
1 = ?

E2

	

(c)
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50,000 lb
28 in

.

	

l b
.

50,000 l b

FIGURE P2 . 5

tandem. Assuming a Poisson ratio of 0 .5, determine the maximum tensile strain at the bot-
tom of asphalt layer under the center of one wheel and the vertical deflection on the sur-
face of subgrade under the center of one wheel . [Answer : 2 .05 X 10 -4, 0 .057 in . ]

2.6 Figure P2 .6 shows a pavement structure composed of the following three layers : 5 .75 in .
HMA with elastic modulus 400,000 psi, 23 in . granular base with elastic modulus 20,00 0
psi, and a subgrade with elastic modulus 10,000 psi . All layers are assumed to have a
Poisson ratio of 0.5 . Calculate the maximum horizontal tensile strain at the bottom o f
HMA and the maximum vertical compressive strain on the top of subgrade under a
40,000-lb wheel load and 150-psi contact pressure, assuming that the contact area is a cir-
cle . [Answer: -7 .25 x 10-4 ,1 .06 X 10 -3]

40,000 lb

150 psi

zz"Xlz!
E 1 = 400,000 psi

	

s = ?

	

v 1 = 0 .5

	

5 .75 in .

FIGURE P2 . 6

2 .7 In Problem 2-6, if the base and subgrade are combined as one layer, as shown in Figure P2 .7a ,
what should be the equivalent elastic modulus of this combined layer so that the same ten-
sile strain at the bottom of HMA can be obtained? If the HMA and base are combined a s

E 1 = 1,500,000 ps i

v 1 =0.5

	

w=? e= ?
o Foy

E 2 = 30,000 psi

v2 = 0.5
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40,000 l b

150 ps i

!1'!I!!!!

40,000 lb

1
150 psi

E l = 400,000 psi sr give n
< o	 >

28 .75 in.E 1 = ?5 .75 in.

s 2 give n

E 2

	

E2 = 10,000 psi

(a)

	

(b )

FIGURE P2 . 7

one layer with the same total thickness of 28 .75 in., as shown in Figure 2 .7b, what should b e
the equivalent elastic modulus of this combined layer so that the same compressive strai n
on the top of subgrade can be obtained? [Answer : 20,000 psi, 35,000 psi]

2.8 A circular load of intensity 80 psi and radius 6 in . moves over point A on the surface of a
homogeneous half-space. The half-space has a Poisson ratio of 0 .3 and a modulus charac-
terized by the Maxwell model shown in Figure P2 .8 . If the intensity of load varies with
time according to the triangular function with duration 10 s, determine the surface deflec -
tion when the load arrives at point A . If the variation of load is a haversine functio n
indicated by Eq . 2 .55, determine the surface deflection . [Answer : 0 .109 in ., 0 .109 in . ]

d = 10 sec

= 10,000 psi

= 10 sec

FIGURE P2 .8
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3 .1

	

THEORETICAL DEVELOPMENTS

The KENLAYER computer program applies only to flexible pavements with no joints
or rigid layers. For pavements with rigid layers, such as PCC and composite pavements,
the KENSLABS program described in Chapter 5 should be used . The backbone of
KENLAYER is the solution for an elastic multilayer system under a circular loade d
area. The solutions are superimposed for multiple wheels, applied iteratively for non -
linear layers, and collocated at various times for viscoelastic layers . As a result, KEN-
LAYER can be applied to layered systems under single, dual, dual-tandem, or
dual-tridem wheels with each layer behaving differently, either linear elastic, nonlinea r
elastic, or viscoelastic. Damage analysis can be made by dividing each year into a max-
imum of 12 periods, each with a different set of material properties . Each period can
have a maximum of 12 load groups, either single or multiple. The damage caused by
fatigue cracking and permanent deformation in each period over all load groups i s
summed up to evaluate the design life .

3 .1 .1

	

Elastic Multilayer Syste m

Figure 3 .1 shows an n-layer system in cylindrical coordinates, the nth layer being of in -
finite thickness . The modulus of elasticity and the Poisson ratio of the ith layer are E ,
and v1 , respectively.

For axisymmetric problems in elasticity, a convenient method is to assume a
stress function that satisfies the governing differential equation and the boundary and
continuity conditions. After the stress function is found, the stresses and displacement s
can be determined (Timoshenko and Goodier, 1951) .

The governing differential equation to be satisfied is a fourth-order differentia l

equation, as described in Appendix B . The stress function for each layer has four constant s

94



3 .1 Theoretical Developments 9 5

a

	

I

	

a

=Inn
E1, v t

V 2

	

Zn—2

H

E n_ 1, v n 1

En, v n

FIGURE 3 . 1

An n-layer system in cylindrical coordinates .

of integration, A i , B i , Ci , and Di , where the subscript i is the layer number . Because the
stress function must vanish at an infinite depth, the constants An and Cn should be
equal to zero, i .e ., the bottom most layer has only two constants . For an n-layer system,
the total number of constants or unknowns is 4n — 2, which must be evaluated by tw o
boundary conditions and 4(n — 1) continuity conditions . The two boundary condi-
tions are that the vertical stress under the circular loaded area be equal to q and tha t
the surface be free of shear stress . The four conditions at each of the n — 1 interface s
are the continuity of vertical stress, of vertical displacement, of shear stress, and o f
radial displacement . If the interface is frictionless, the continuity of shear stress an d
radial displacement is replaced by the vanish of shear stress both above and belo w
the interface. The equations to be used in KENLAYER for computing the stresse s
and displacement in a multilayer system under a circular loaded area are presente d
in Appendix B .

3 .1 .2 Superposition of Wheel Loads

Solutions for elastic multilayer systems under a single load can be extended to cases in -
volving multiple loads by applying the superposition principle . Figure 3 .2a shows the
plan view of a set of dual-tandem wheels . The vertical stress and vertical displacemen t
under point A due to the four loads can be easily obtained by adding those due to eac h
of the loads, because they are all in the same vertical, or z, direction. However, the ra -
dial stress Q r , the tangential stress o- t, and the shear stress Tr z, due to each load cannot
be added directly, because they are not in the same direction, as is indicated by the fou r
different radial directions at point A . Therefore, 0 r, (I t , and rr2 must be resolved into
components in the x and y directions, as shown in Figure 3 .2b for stresses at Point A
due to load at point B. The use of point A is for illustrative purposes, and other point s
should also be tried in order to find the maximum stresses.
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(a )

FIGURE 3 . 2

Superposition of stresses for
multiple wheels.

T esi n

TrZ erns .

uX e

(b )

Resolution of Stresses into X and Y Components By equating the forces in the x an d
y directions to zero, it can be easily proven from Figure 3 .2b that

(Tx = 0r cos2 a + o sin2 a (3 .1a)

cry = °r sin2 a + Qt cos2 a (3 .lb)

Txy = ( Or — a t) sin a cos a (3 .1c)

Ty, = Trz sin a (3 .1d)

Tx, = Trz COS a (3 .1e)
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After resolving the stresses due to each load into a x , o,, Txy , T yz , and Txz components ,
those due to multiple loads can be obtained by superposition . During superposition ,
care should be taken in determining the proper sign of each stress .

Computation of Principal Stresses and Strains After crx, ma y , crz , Txy, Tyz, and TXz are
obtained by superposition, the three principal stresses, a , cr2 , and 0-3 , can be deter -
mined by solving the following cubic equation :

Q3 – (o x + (Ty + QZ )O-2 + (o a- + 0- yiz + 0-xffz – TyZ – TX z – TXy )if

(QxOyiz + 2TyzTxzTxy - QxTy z - QyTXz Q– z TXy ) = 0

These principal stresses can be used for nonlinear analysis . The principal strains, el , E 2 ,

and E3 , are then determined from

El = 1 [01 – v(Q2 + 0-3) ]

E2 = E [Q2 – V(0"3 + 0-1) ]

1
E3 =

E
[u3 –v (Q1 +0-2) ]

In the fatigue analysis, the horizontal minor principal strain, instead of the over-
all minor principal strain, is used. The strain is called minor because tensile strain i s
considered negative. Horizontal principal tensile strain is used because it is the strai n
that causes the crack to initiate at the bottom of asphalt layer . The horizontal principa l
tensile strain is determined from

E t - Ex

	

~
2 EY -

(Ex 2 EY
)

2
+ Y x

2
Y

in which et is the horizontal principal tensile strain at the bottom of asphalt layer, e x i s
the strain in the x direction, Ey is the strain in the y direction, yxy is the shear strain on
the x plane in the y direction, an d

ex = E [Qx - v(ify + if ) l

E y = E[(Q – v(Qx + Qz) ]

2(1 + v)

' xY

	

E

	

T x Y

3 .1 .3 Damage Analysi s

Damage analysis is performed for both fatigue cracking and permanen t
deformation .

(3 .2)

(3 .3a )

(3 .3b )

(3 .3c )

(3 .5a)

(3 .5b )

(3 .5c)
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Failure Criteria The failure criterion for fatigue cracking is expressed a s

Nf = fi(Et) -f2 (E1)
-f3

in which Nf is the allowable number of load repetitions to prevent fatigue cracking ; e t
is the tensile strain at the bottom of asphalt layer ; E l is the elastic modulus of asphalt
layer; and fl , f2 , and f3 are constants determined from laboratory fatigue tests, with fl
modified to correlate with field performance observations. The Asphalt Institute used
0 .0796, 3 .291, and 0 .854 for fl , f2, and f3 , respectively, in their analytically based design
procedure ; the corresponding values used by Shell are 0 .0685, 5 .671, and 2 .363 (Shook
et al., 1982) . In view of the fact that the number of load repetitions required to progres s
from the onset of cracking to limiting failure conditions is fewer for thin asphalt layer s
than for thicker layers, Craus et al. (1984) suggested that fl in the Asphalt Institute cri-
terion be reduced to 0 .0636 for HMA layers less than 4 in . (102 mm) in thickness .

The failure criterion for permanent deformation is expressed a s

Nd = f4(ec)-f'

	

(3 .7 )

in which Nd is the allowable number of load repetitions to limit permanent deforma-
tion, e, is the compressive strain on the top of subgrade, and f4 and f5 are constants de -
termined from road tests or field performance . Values of f4 and f5 are suggested a s
1 .365 x 10-9 and 4.477 by the Asphalt Institute (AI, 1982), 6 .15 x 10

-7
and 4.0 by

Shell (Claussen et al., 1977), and 1 .13 x 10 -6 and 3.571 by the University of Notting -
ham (Brown et al., 1977) .

It should be noted that the use of compressive strain on the top of subgrade as a
failure criterion is valid only when the permanent deformation is caused by the wea k
subgrade rather than by the overlying layers . In two test pavements on sand subgrade ,
one with a 6-in . (15-mm) gravel AC and the other with a 3-in . (8-mm) gravel AC, Groe-
nendijk et al . (1997) found that all rutting could be ascribed to subgrade deformatio n
with practically no shear deformation within the asphalt layer, and that the Shell per-
manent deformation criterion, originally based on a terminal serviceability index o f
2.5, corresponded to a rut depth of 0 .7 in . (18 mm) .

Multiple Axles The large spacing between two axles causes the critical tensile and com -
pressive strains under multiple axles to be only slightly different from those under a sin -
gle axle . If the passage of each set of multiple axles is assumed to be one repetition, th e
damage caused by an 18-kip (80-kN) single axle is nearly the same as that caused by 36 -
kip (160-kN) tandem axles or 54-kip (240-kN) tridem axles. If one passage of tande m
axles is assumed to be two repetitions and that of tridem axles to be three repetitions, th e
damage caused by 36-kip (160-kN) tandem and 54-kip (240-kN) tridem axles are tw o
and three times greater than that by an 18-kip (80-kN) single axle . Both assumptions are
apparently incorrect . The equivalent factors suggested by the Asphalt Institute are 1 .38
for tandem axles and 1 .66 for tridem axles, as indicated in Table 6 .4.

The following procedure is used in KENLAYER to analyze damage due t o
tandem-axle loads. First, determine the tensile and compressive strains at three points
under dual-tandem wheels, as shown in Figure 3 .3a, and find out which point results i n
the maximum tensile strain and which point results in the maximum compressiv e
strain. These maximum strains are then used with Eqs . 3 .6 and 3.7 to determine the
allowable number of load repetitions due to the first axle load .
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S t
S t
2

S t
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(a)

Under 1 st
Axle
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Two Axles

Under 2nd
Axl e

(c )

FIGURE 3 . 3

Damage analysis of tandem-axle loads .

Next, determine the tensile and compressive strains at the corresponding point
that lies midway between the two axles, as shown in Figure 3 .3b . The strain for damag e
analysis due to the second axle load is ea – eb , where Ea is the strain due to the loadin g
shown in Figure 3 .3a and Eb is the strain due to the loading shown in Figure 3 .3b . This
can be easily explained in Figure 3 .3c, where the strain due to the second axle load i s
Ea – E b . The same procedure was incorporated in VESYS (Jordahl and Rauhut, 1983) ,
although VESYS can be applied only to a single tire and the point under the center of
the load is used to determine the strains.

A similar but more approximate procedure is used for tridem axles . First, deter-
mine the maximum strain E a by comparing the strains at three points, as shown i n
Figure 3 .4a . Then, determine the corresponding strain E b , as shown in Figure 3.4b . The
strains to be used for the damage analysis of the three axle loads are e a , E a – E b , and
E a – E b, respectively.

s t st
S t s t

0

	

0

	

C? 0

	

: 3
o o

	

o o . 1 o
FIGURE 3 .4

Damage analysis of tridem-axle loads .



100 Chapter 3

	

KENLAYER Computer Progra m

3 .1 .4 Nonlinear Layer s

It is well known that granular materials and subgrade soils are nonlinear with an elas-
tic modulus varying with the level of stresses . The elastic modulus to be used with th e
layered systems is the resilient modulus obtained from repeated unconfined or triaxia l
compression tests. Details about resilient modulus are presented in Section 7 .1 . The re-
silient modulus of granular materials increases with the increase in stress intensity ; that
of fine-grained soils decreases with the increase in stress intensity. If the relationship
between the resilient modulus and the state of stresses is given, a method of successiv e
approximations can be used, as explained previously for the nonlinear homogeneou s
mass in Section 2 .1 .3 . The nonlinear material properties, which have been incorporate d
in KENLAYER, are described below .

Granular Materials The resilient modulus of granular materials increases with th e
increase in the first stress invariant, as indicated by Eq . 2 .11 . However, KENLAYER
employs a more popular relationship, which is described next .

Constitutive Relationship A simple relationship between resilient modulus
and the first stress invariant can be expressed a s

E = K1 0K2

	

(3 .8 )

in which K l and K2 are experimentally derived constants and 0 is the stress invariant ,
which can be either the sum of three normal stresses, o -x , may , and o- z , or the sum of thre e
principal stresses, o 1, 0- 2, and cr3 :

0 = Q 1 +Q2+if3 = Q x +Qy +O z

Including the weight of a layered system give s

0=cx +c y +c z +yz(i+2K0 )

	

(3 .10)

in which y is the average unit weight, z is the distance below surface at which the mod -
ulus is to be determined, and Ko is the coefficient of earth pressure at rest . The reason

at, o-2, and 0-3 are not used in Eq . 3 .10 is that they may not be in the same direction a s
the geostatic stresses . In contrast to other computer programs, KENLAYER uses the
soil mechanics sign convention for stresses and strains . Therefore, 0 is positive when in
compression and negative when in tension .

Typical Values Summarizing a statistical analysis of published data, Rada an d
Witczak (1981) presented the mean and standard deviation of resilient modulus for
several granular materials, as shown in Table 3 .1 . It was reported (Finn et al., 1986) tha t
the resilient moduli of base and subbase aggregates in the AASHO Road Test ca n
be represented by Eq. 3 .8 with K2 equal to 0 .6 and Kl ranging from 3200 to 8000 psi ,
depending on the moisture contents. Other reported values of K1 and K2 are shown i n
Table 3 .2 .
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TABLE 3 .1 Nonlinear Constants K l and K2 for Granular Materials

Materia l
type

K l (psi)

No. of data

	

Standar d
points

	

Mean

	

deviation

K2

Standar d
Mean

	

deviation

Silty sand 8 1620 78 0 .62 0 .13
Sand-gravel 37 4480 4300 0 .53 0 .17
Sand-aggregate blend 78 4350 2630 0 .59 0 .13
Crushed stone 115 7210 7490 0 .45 0 .23

Note. 1 psi = 6.9 kPa .
Source . After Rada and Witczak (1981) .

TABLE 3 .2

	

Ranges of Kl and K2 for Untreated Granular Materials

Reference Material Kl ( psi ) K2

Hicks (1970) Partially crushed gravel, crushed rock 1600—5000 0 .57—0.73
Hicks and Finn (1970) Untreated base at San Diego Test Road 2100—5400 0 .61
Allen (1973) Gravel, crushed stone 1800—8000 0.32—0.7 0
Kalcheff and Hicks (1973) Crushed stone 4000—9000 0 .46—0 .64
Boyce et al . (1976) Well-graded crushed limestone 8000 0 .67
Monismith and Witczak (1980) In service base and subbase materials 2900—7750 0.46—0.65

Note . 1 psi = 6 .9 kPa .
Source. After Shook et al. (1982) .

Fine-Grained Soils The resilient modulus of fine-grained soils decreases with the in-
crease in deviator stress o-d. In laboratory triaxial tests, 0-2 = 0-3, so the deviator stres s
is defined as

0-d=0-1—0-3

	

(3 .11 )

In a layered system, 0-2 may not be equal to Q3, so the average of a-2 and a-3 is consid-
ered as o-3 . Including the weight of layered system yield s

0-d =C1 —0.5(0-2+0-3)+yz(1—Ko)

	

(3 .12)

Equation 3 .12 is not theoretically correct because the principal loading stresses may no t
be in the same direction as the geostatic stresses . Because the loading stresses in the sub -
grade are usually small and do not have significant effect on the computed modulus ,
KENLAYER uses the three normal stresses, crx, may , and o z , to replace the three princi -
pal stresses, a- 1 , a-2 , and O3 in Eq. 3 .12 . If the point selected for computing the modulus is
on the axis of symmetry for a single tire or on the plane of symmetry between two dua l
tires, the three normal stresses and the three principal stresses are identical .

Figure 3 .5 shows the general relationship between resilient modulus and deviato r
stress of fine-grained soils obtained from laboratory repeated-load tests . The bilinea r
behavior can be expressed as

E = Kl + K3 (K2 — o-d) when 0-d < K2 (3.13a)

E=K1 —K4(a-d —K2 ) when a-d> K2 (3 .13b)

in which K 1 , K2 , K3 , and K4 are material constants.
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FIGURE 3 . 5
General relationship between resilien t
modulus and deviator stress for fine -
grained soils. Repeated Deviator Stress, ad

Thompson and Elliott (1985) indicated that the value of resilient modulus at th e
breakpoint in the bilinear curve, as indicated by K l in Figure 3 .5, is a good indicator of
resilient behavior, while other constants, K2 , K3 , and K4 , display less variability and in-
fluence pavement response to a smaller degree than Kl . They classified fine-grained
soils into four types, viz ., very soft, soft, medium, and stiff, with the resilient-modulus -
deviator-stress relationship shown in Figure 3 .6 . The maximum resilient modulus i s
governed by a deviator stress of 2 psi (13 .8 kPa) . The minimum resilient modulus is
limited by the unconfined compressive strengths, which are assumed to be 6 .21 ps i
(42.8 kPa), 12 .90 psi (89 .0 kPa), 22 .85 psi (157 kPa), and 32 .8 psi (226 kPa) for the four
soils . Equation 3 .13 has also been incorporated in KENLAYER. (Note that the Kl and
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RCNOL
XPTNOL
YPTNOL

SLD

ZCNOL

Nonlinear Layer
FIGURE 3 . 7

r, x or y Loacation of stress point for
nonlinear layer.

K2 defined herein are different from those used by Thompson and Elliott, in that they
are interchanged in meaning . )

Stress Point for Nonlinear Layer The elastic modulus of each nonlinear layer is de-
termined from the stresses at a designated point according to Eq . 3 .8 or 3 .13 . This point
is called a stress point and is defined by a point on the pavement surface, by a slope of
load distribution, SLD, and by a z coordinate, ZCNOL, as is shown in Figure 3 .7 .

The point on the surface can be located by the radial coordinate, RCNOL, for a
single wheel or by the x and y coordinates, XCNOL and YCNOL, for multiple wheels .
For a given ZCNOL, the r coordinate of the stress point i s

r = RCNOL + (SLD)(ZCNOL) (3 .14 )

and the x and y coordinates of the stress point are

(3 .15 )x = XPTNOL + (SLD)(ZCNOL )

y = YPTNOL + (SLD)(ZCNOL) (3.16)

If only the maximum stresses, strains, or deflections are required, then the stress point
should be located under the center of a single wheel with RCNOL = 0 and SLD = 0
or between the center of two duals with XPTNOL = 0, YPTNOL = YW/2, an d
SLD = 0 . Note that YW is the center-to-center spacing between the duals, as shown i n
Figure 3 .8 . If the average responses, such as the deflection basin under a circular area ,
are required, then the use of RCNOL = a, where a is the radius of loaded area, and
SLD = 0 .5 is recommended. This is based on the general assumption that, starting
from the edge of loaded area, the load is distributed downward at a slope of 0 .5 .

Stress Adjustment for Computing Modulus It is well known that most granular ma -
terials cannot take any tension . Unfortunately, when they are used as a base or subbase
on a weaker subgrade, the horizontal stresses due to applied loads are most likely to b e
in tension. However, these materials can still take tension if the tension is smaller than
the precompression caused by geostatic or other in situ stresses . The elastic modulus of
granular materials depends not on the loading stress alone but on the combination of
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FIGURE 3 . 8

Plan view of multiple wheels .

the loading stress and the precompression . It is not possible that the combined hori-
zontal stress will become negative, because, when it is reduced to 0, the particles sepa -
rate and no stress will exist . A review of the results computed by KENLAYER reveal s
that the combined horizontal stresses at most of the stress points in granular layers are
negative. This might indicate that the usual practice of using Ko from 0 .5 to 1 (based o n
the active earth pressure theory) to compute the geostatic stress is too conservativ e
and that a much larger K 0 (based on the passive earth pressure) might have to be used .
Using experiments conducted with a layer of sand on a soft clay, Selig et al. (1986) indi -
cated that the development of horizontal residual stresses under repeated loads is the
key to the stability of the two-layer system . Because the actual precompression varies
a great deal and is difficult to determine, it is reasonable to adjust the combined stress -
es so that the actual stress will not exceed the strength of the material . This adjustmen t
applies only to the determination of the modulus of granular materials, and no actual
changes in the state of stresses due to loading are attempted .

Three methods have been incorporated into KENLAYER for nonlinear analysis .
The first two methods were described in the first edition ; the third method is a new ad -
dition based on Mohr—Coulomb theory . The method to be used depends on the valu e
of input parameter PHI, 0 . If PHI is assigned 0, method 1 is used ; if PHI is a large value
representing the minimum modulus of the granular material, method 2 is implied ; i f
PHI is the angle of internal friction of the granular material (with a value between 0
and 90), method 3 is indicated .
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Method 1 In method 1, the nonlinear granular layer is subdivided into a num-
ber of layers, and the stresses at the mid-depth of each layer are used to determine th e
modulus . If the horizontal stress, including the geostatic stress, is negative or in tension ,
it is set to 0. This stress modification is necessary to avoid negative O . With the two hor -
izontal stresses equal to 0, the elastic modulus is dependent on the vertical stress only ,
with no contributions from the horizontal stresses . The vertical stress at a stress point
near to the load is always positive, so the modulus will also be positive, and no mini -
mum modulus need be specified .

Method 2 In method 2, the granular layer is considered as a single layer, and a n
appropriate stress point, usually between the upper quarter and upper third of the layer, i s
selected to compute the modulus. Because the stress point is near to the load at the upper
part of the layer, there is no chance that the stress invariant, 0, will become negative, so n o
stress modification is needed . In other words, the negative horizontal stresses are used t o
compute O. To avoid the use of an unreasonably low modulus, a minimum modulus, indi-
cated by the value of PHI, must be specified. If the computed modulus is smaller than
PHI, PHI will be used as the modulus of the layer . It is suggested that Kl of the granula r
material be used as PHI, so that the computed modulus will never be smaller than K1 ; thi s
relationship is always true, unless B is smaller than 1 psi (6 .9 kPa) .

Method 3 In method 3, the granular layer is considered as a single layer with th e
stress point at the midheight of the layer . The negative or small horizontal stresses are
modified according to the Mohr—Coulomb theory of failure so that the strength of the ma -
terials will not be exceeded. This method was originally proposed by Raad and Figuero a
(1980) and was later incorporated in the ILLI-PAVE and MICH-PAVE computer pro -
grams. The case to be considered in KENLAYER is much simpler than that in those finite -
element programs, because the stress points are located under or very near to the load ;
therefore, the vertical stress can be considered as the major principal stress and the hori-
zontal stress as the minor principal stress. Because the horizontal stresses at the stres s
point in the subgrade are always positive and satisfy the Mohr—Coulomb failure criterion ,
no adjustments for fine-grained soils are needed. To adjust the horizontal stress in granu -
lar materials, it is assumed that the material has an angle of internal friction, gyp, with the
failure envelope shown in Figure 3.9 . When failure occurs, the Mohr's circle based on th e

FIGURE 3 . 9
Adjustment of horizontal
stress at stress point .

Shea r
Stress
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major and minor principal stresses must be tangent to the failure envelope . It can easily b e
proven by geometry that

o-h = cry tan2 l 45° —

	

I

	

(3 .17 )

in which Qh is the combined horizontal stress, cr y is the/combined vertical stress, and 4)

is the angle of internal friction . No circle should cut and lie outside the envelope, so n o
horizontal stress should be smaller than the o-h computed by Eq. 3 .17 .

It can be seen, from Figure 3 .9 or Eq . 3 .17, that, for a given a- .,„ the actual a-h to be
used for computing the elastic modulus depends solely on the value of O . When 4) is
assigned 0, 0h = a- .,, ; when cp is assigned 90°, as indicated in the figure by the dashe d
circle, 0h = O. By simply varying 4), the adjusted a-h can be given any value between 0

and a-v . It is suggested that a PHI value of 40 be used for a weak subgrade with a mod -
ulus less than 10,000 psi (69 MPa) and that a larger PHI, say, up to 60, be used for a stiff
subgrade.

The case of 4) = 90° is the same as method 1, with the implication that a-h = 0 .
Instead of using an awkward PHI value (90) to indicate method 1, the value 0 may be
used for simplicity. When PHI is inputted as 0, KENLAYER will automatically change i t
to 90°, substitute it into Eq. 3 .17, and thus produce a zero O- h . As presented in Section
3 .3 .2, if the granular base is divided into several layers, the use of PHI = 0, or method 1 ,
checks most closely with the more accurate finite-element solutions by MICH-PAVE ; by
contrast, if the base is considered a single layer, either method 2 or 3 can be used .

3.2

	

PROGRAM DESCRIPTIO N

KENLAYER, together with input program LAYERINP and graphic program
LGRAPH, is part of a computer package called KENPAVE . In its present dimensions,
it can be applied to a maximum of 19 layers with output at 10 different radial coordi-
nates and 19 different vertical coordinates, or a total of 190 points . For multiple wheels,
in addition to the 19 vertical coordinates, solutions can be obtained at a total of 2 5
points by specifying the x and y coordinates of each point . Creep compliances can b e
specified at a maximum of 15 time durations. Damage analysis can be made by dividin g
each year into a maximum of 12 periods, each with a maximum of 12 load groups .

To facilitate entering and editing data, a program named LAYERINP can b e
used. The program uses menus and data entry forms to create and edit the data file.
Although the large number of input parameters appears overwhelming, default value s
are provided to many of them, so only a limited number of inputs will be required.
More about LAYERINP is presented in Appendix C.

3 .2 .1

	

General Features

The capabilities of KENLAYER can be demonstrated by the following four input pa-
rameters, which must be specified at the very outset:

MATL = 1 for linear elastic, 2 for nonlinear elastic, 3 for linear viscoelastic, an d
4 for combination of nonlinear elastic and linear viscoelastic .



3 .2 Program Description

	

10 7

NDAMA = 0 for no damage analysis, 1 for damage analysis with summary print -
out, and 2 for damage analysis with detailed printout .

NPY = number of periods per year .

NLG = number of load groups .

Materials Unless indicated otherwise, all layers are assumed to be linear elastic with
a constant elastic modulus . For the linear elastic case, solutions for multiple wheels ar e
obtained by superposition of those due to single wheels.

For the nonlinear elastic case, the elastic moduli of some layers are stress depen-
dent, and these layers must be identified . An iterative procedure is used, in which th e
moduli of nonlinear layers are adjusted as the stresses vary, while the moduli of linea r
layers remain the same . During each iteration, a constant set of moduli is compute d
from the stresses obtained from the previous iteration, so the problem is considere d
linear and the superposition principle can still be applied to multiple wheels . After th e
stresses due to single or multiple wheels are determined, the elastic moduli of nonlin -
ear layers are recalculated, and a new set of stresses is determined . The process i s
repeated until the moduli converge to a specified tolerance .

For the linear viscoelastic case, the viscoelastic layers must be identified and thei r
creep compliances specified, while the other layers are linear elastic . Solutions due to
either moving or stationary loads can be obtained . Moving loads require the input o f
creep compliances at 11 times from 0 .001 to 100 sec, so that a Dirichlet series can b e
obtained by collocation, which, in combination with a haversine function, can be use d
to compute the stresses and strains, as indicated by Eq. 2 .55 . If stationary loads ar e
specified and there is no conversion of temperature, no Dirichlet series are needed, s o
any number of times can be specified ; KENLAYER will simply take the reciprocal of
creep compliances as the elastic moduli to determine the elastic solution at each speci -
fied time. However, if pavement temperature is different from that used for the cree p
test, KENLAYER will use the specified creep times as the retardation times to collo-
cate the creep compliances at these times . The number of equations is equal to th e
number of unknowns, so Eq . 2 .38 can be used directly to determine the coefficients of
the Dirichlet series.

For a case that is a combination of nonlinear elastic and linear viscoelastic, som e
layers are nonlinear elastic, some are viscoelastic, and the remaining, if any, are linea r
elastic . If only one layer is viscoelastic, the stresses in every layer will be time depen -
dent . The stresses to be used for determining the modulus of nonlinear layer are th e
peak stresses at t = 0 under a moving load, as shown in Figure 2 .40, or the stresses at
the last time duration under a stationary load .

Damage Analysis Damage analysis is based on the horizontal tensile strain at th e
bottom of specified layers, usually the HMA or layer 1, and on the vertical compressiv e
strain on the top of specified layers, usually the subgrade or the lowest layer . Instead of
reading in the z coordinates, simply specifying the total number of layers for bottom ten-
sion (NLBT), the total number of layers for top compression (NLTC), the layer number
for bottom tension (LNBT), and the layer number for top compression (LNTC), the pro -
gram will determine the z coordinates of all necessary points and compute the required
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strains . If several radial coordinate points are specified under a single wheel or severa l
x and y coordinate points under multiple wheels, the program will compare the strain s
at these points and select the most critical ones for damage analysis .

Each year can be divided into a maximum of 12 periods. The elastic modulus ,
nonlinear coefficient K1 , and creep compliance can differ from period to period . The
predicted number of load repetitions for each load group is specified for each period .
The allowable number of load repetitions for fatigue cracking is determined by Eq . 3 . 6
and that for permanent deformation by Eq . 3 .7 . The elastic modulus of the viscoelasti c
layer to be used in Eq . 3 .6 is computed from the three principal stresses and the minor
principal strain (minor because tension is negative) by

E—0-3v(Q1+U2)

	

(3 .18a)
E 3

The same E is obtained if the major principal strain is used :

Q1 - v(u2 + Q3 )
E_

E1

The damage ratio, which is the ratio between the predicted and allowable num-
ber of repetitions, is computed for each load group in each period and summed ove r
the year by

p m n .
Dr = E'

	

~'~

	

(3 .19 )
i =1j=1 N,j

in which Dr is the damage ratio at the end of a year, n, is the predicted number of loa d
repetitions for load j in period i, N is the allowable number of load repetitions based
on Eqs. 3 .6 and 3 .7,p is the number of periods in each year, and m is the number of load
groups. The design life, which is equal to 1/Dr , is evaluated both for fatigue crackin g
and for permanent deformation, and the one with a shorter life controls the design .

Number of Periods Per Year The number of periods per year (NPY) is used mainly fo r
damage analysis. Each year can be considered as one period with the same material prop -
erties throughout the year or divided into four seasons or 12 months, each with a differen t
set of material properties. If no damage analysis is to be made, or NDAMA = 0, NPY i s
usually specified as 1 . However, NPY can be more than 1 even if no damage analysis i s
required . In this case, NPY should be interpreted as the number of material properties, s o
several different sets of material properties can be run one after the other .

Some of the material properties that do not change over the periods are entered first .
The properties that vary with each period will then be read in . To avoid the input of creep
compliances for each period, the creep compliances are specified at a reference tempera -
ture and fitted with a Dirichlet series, as shown by Eq . 2.38 . The creep compliances at any
other temperature are obtained by the time—temperature superposition principle, as indi -
cated by Eqs . 2 .46 and 2.48 . If creep compliances are used directly with no temperatur e
conversions needed, an arbitrary reference temperature the same as the actual tempera-
ture can be specified, or a zero-temperature shift coefficient, BETA, can be used .

(3 .18b)
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Loads Whether a load has a single wheel or multiple wheels is identified by the para-
meter LOAD, with 0 for single wheel, 1 for single axle with dual tires, 2 for tandem
axles, and 3 for tridem axles. The two dual tires must be oriented in the y direction wit h
dual spacing YW. If YW is specified as 0, the tandem- or tridem-axle loads are applie d
on a single tire; otherwise, they are applied on dual tires .

For a single-wheel load, NR radial distances and NZ vertical distances must b e
specified, so solutions at NR X NZ points can be obtained . For example, if a point is lo -
cated by the coordinates (r, z) and it is desired to obtain solutions at two points, (0, 0 )
and (10, 10), then two radial coordinates of 0 and 10 and two vertical coordinates of 0
and 10 must be specified, and solutions at (0, 0), (0, 10), (10, 0), and (10, 10) will be ob -
tained, even though the ones at (0, 10) and (10, 0) are not needed . The extra time re-
quired for these unnecessary points is small, because KENLAYER computes all point s
at the same time and a large part of the program is the same no matter how many radi-
al and vertical coordinates are used . To save the computer time for numerical integra-
tion, each point is checked for convergence . If the results at any given point have
converged to the desired tolerance, no more integration will be performed at that point .

For multiple wheels, instead of radial distances, the x and y coordinates of eac h
point must be specified. Figure 3 .8 shows a plan view of multiple wheels. It is required
to use the center of the left and lowest wheel as the origin for x and y coordinates. The
dual wheels must be oriented along the y axis . The spacing YW must be specified for
dual tires and XW for multiple axles . The (x, y) coordinates of all points at which solu-
tions are to be sought are also needed . In Figure 3 .8, three points are specified for dual
wheels and nine points for tandem and tridem axles . Based on these coordinates, th e
radial distances from each point to each of the multiple wheels are determined, and the
solutions due to all single-wheel loads are computed at the same time . These solution s
are then superimposed to obtain those caused by multiple wheels .

3 .3

	

COMPARISON WITH AVAILABLE SOLUTION S

KENLAYER can be applied to a homogeneous half-space by assuming that all layer s
have the same elastic modulus and Poisson ratio . As indicated in Section 2 .1, the solu-
tions obtained by KENLAYER checked very closely with the Boussinesq solutions fo r
a homogeneous half-space. In this section, the solutions obtained by KENLAYER ar e
compared with ELSYM5 for multiple wheels, MICH-PAVE for nonlinear layers ,
VESYS for moving loads, and DAMA for damage analysis .

3 .3 .1 Multiple Wheel s

The computation of principal stresses under multiple wheels is complex and requires th e
resolution of stresses into x and y components before superposition, as described in Section
3 .1 .2 . To be sure that the solutions are correct, a comparison of solutions was made between
KENLAYER and ELSYM5 (Kopperman et al., 1986) . ELSYM5 is a linear elastic laye r
system composed of a maximum up to five layers . The pavement may be loaded with on e
or more identical uniform circular loads normal to the surface. The program superimpose s
the various loads and computes the stresses, strains, and displacements in three dimensions ,
along with the three principal stresses and strains, at locations specified by the user .
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An elastic three-layer system, with the thicknesses, elastic moduli, and Poisson ratio s
shown in Figure 3 .10a, is subjected to six-wheel loads, as shown in Figure 3 .10b. Each
loaded area has a radius of 4 in . (102 mm) and a contact pressure of 100 psi (690 kPa) . The
vertical displacements at each layer interface, the principal tensile strains at the bottom of
the asphalt layer and the vertical compressive strains on the top of the subgrade under th e
four points shown in Figure 3 .10b, were determined by both KENLAYER and ELSYM 5
and are tabulated in Table 3 .3 . Also shown in Table 3 .3 are the three principal stresse s
used to determine the strains. Values without parentheses were obtained by KENLAYER ;
those within parentheses were obtained by ELSYM5 . It can be seen that the two solutions
check quite closely, with a maximum discrepancy not over 2% .

It should be noted that any computer solutions based on Burmister's layered theor y
are not exact and involve the numerical integration of an infinite series . Because the accu-
racy of the solutions depends on the interval and tolerance specified for the integration ,
the solutions obtained from the two programs are not expected to be exactly the same .

3 .3.2 Nonlinear Layer s

The extension of linear elastic layered systems to include nonlinear, or stress-sensitive ,
materials is certainly an improvement of practical significance . However, the use of the
stresses at a single point in each nonlinear layer to compute the modulus of the layer is no t
theoretically correct . As the stresses vary with the radial distance from the load, the mod -
ulus should also change with the radial distance and is not uniform throughout the layer .
Theoretically, this problem could be solved more accurately by the finite-element method ,
such as the ILLI-PAVE program developed at the University of Illinois (Raad and
Figueroa, 1980) and the MICH-PAVE program developed at the Michigan State Univer -
sity (Harichandran et al., 1989) . If only the most critical tensile strain at the bottom of th e
asphalt layer and the most critical compressive strain on the top of the subgrade are re-
quired, it should be possible to select a point in each nonlinear layer to compute the mod -
ulus so that these critical strains obtained from KENLAYER can match reasonably well
with those from the finite-element programs, as will be demonstrated later .

I11I-PAVE Model The ILLI-PAVE computer program considers the pavement as an
axisymmetric solid of revolution and divides it into a number of finite elements, each as

N Base

	

E2 = 20,000 psi, v2 = 0 . 3

HMA El = 500,000 psi, vi = 0 .3 5

Subgrade E3 = 5000 psi, v3 = 0 .4 5

(a)

FIGURE 3 .1 0
A layer system under six circular loaded areas (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa) .
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TABLE 3 .3

	

Comparison of Results Between KENLAYER and ELSYM 5

Strain (10-6 ) Principal stress (psi)

Point
Vertica l

coordinate
Vertical deflection

(10-3 in .) Vertical Horizontal Major Intermediate Mino r

1 6 .00 70.50 244 .3 -241 .4 13 .9 -143 .3 -166. 0
(70.67) (243 .3) (-240 .7) (13 .9) (-142 .7) (-165 .4 )

18 .01 63 .83 962 .7 -502 .7 6 .1 1 .4 0. 9
(64.06) (949 .3) (-496 .4) (6 .1) (1 .5) (0.9)

2 6 .00 72.20 175 .0 -157 .3 11 .8 -104 .9 -111 . 2
(72.08) (175 .2) (-157 .5) (11 .8) (-105 .0) (-111 .4 )

18 .01 65 .45 1038 .0 -515 .8 6 .3 1 .6 1 . 0
(65 .32) (1039 .0) (-516 .7) (6 .3) (1 .5) (1 .0)

3 6 .00 67.81 119 .5 -184 .4 9 .2 -41 .6 -103 . 5
(67.79) (119 .6) (-184 .5) (9 .2) (-41 .6) (-103 .6)

18.01 62.19 906 .8 -482.7 5 .9 1 .4 0. 9
(62.17) (907 .8) (-483 .2) (5 .9) (1 .4) (0 .9 )

4 6 .00 69.76 125 .3 -173 .7 9 .6 -50 .5 -101 . 2
(69.77) (125 .3) (-173 .6) (9 .6) (-50 .6) (-101 .2 )

18 .01 63.75 979 .3 -496 .0 6 .1 1 .5 0. 9
(63.75) (979 .8) (-496 .2) (6 .1) (1 .5) (0.9)

Note . Values without parentheses are obtained by KENLAYER, those within parentheses by ELSYM5. Compression is positive,
tension negative. 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa.

a section of concentric rings. Incorporated in ILLI-PAVE are the stress-dependen t
resilient modulus and the failure criteria for granular materials and fine-grained soils .
The principal stresses in the granular and subgrade layers are modified at the end o f
each iteration, so that they do not exceed the strength of the materials, as defined b y
the Mohr-Coulomb theory of failure (Raad and Figueroa, 1980) .

Stress Modification The procedure for stress modification incorporated into
ILLI-PAVE and MICH-PAVE can best be illustrated by a granular material with
cohesion 0 and angle of internal friction cp . The Mohr-Coulomb failure criterion can be
written as

s = o- tan d

	

(3 .20)

in which s is the shear strength, or the shear stress at the time of failure, u is the norma l
stress, and 4 is the angle of internal friction . Under a vertical loading stress ifz and a
vertical geostatic stress yz, the total vertical stress c v is

Qy=o z +yz

	

(3 .21 )

The minimum and maximum allowable principal stresses ( o 3)min and (th1)max can be deter -
mined from the Mohr's circles, as shown by circles A and B in Figure 3 .11 and expressed as

('3)min = a tan2(45° - 41)

	

(3 .22 )

(U1)max =

	

tan2(45° +

	

(3 .23 )
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Q1 (O i)max@3)min Qv
Normal Stress, u

(a )

O3 0 i

	

(°1)ma xFIGURE 3 .11

	

@1)min

Stress modification to satisfy
Mohr—Coulomb failure criterion .

w

	

o1
Normal Stress, o

(b )

If the computed minor principal stress a- 3 , including the horizontal geostati c
stress, is smaller than (Q3)min, as shown by circle C in Figure 3 .10a, it must be increase d
to (a-3)min, so that circle C is reduced to circle A with o-3 = (cT3)min and if1 = a -v . If the
minor principal stress a-3 is greater than (cr3)min, as shown by circle D in Figure 3 .10b ,
the maximum allowable major principal stress can be determined by circle E and
expressed as

cr i = if3 tan2

\

l 45° +

	

I

	

(3 .24)

If o- 1 is greater than

	

it must be reduced too , so circle D is reduced to circle E .
If the computed cr 1 is smaller than o , then the computed if1 should be used .

ILLI-PAVE Algorithms In view of the fact that the computational technique s
of ILLI-PAVE are too costly, complex, and cumbersome to be used for routine design ,
Thompson and Elliott (1985) developed simple regression equations or algorithms fo r
predicting the responses of typical flexible pavements. The resilient modulus of the
crushed stone base is represented by Eq . 3 .8 with K l = 9000 psi (62 MPa) an d
K2 = 0.33 . The relationship between resilient modulus and deviator stress for four dif -
ferent subgrade soils is shown by Eq . 3 .13 and Figure 3 .6 . Because parameters K2 , K3 ,
and K4 are the same for all soils, the only soil property represented in the regression equa-
tion is K1 , which is the resilient modulus at the breakpoint . To apply the Mohr—Coulomb
failure criteria, the crushed-stone base is assumed to be cohesionless and have a fric-
tion angle of 40°, while the stiff, medium, soft, and very soft subgrade soils have a zero
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TABLE 3 .4 Some Material Properties for Developing ILLI-PAVE Algorithm s

Hot mix asphalt

	

Crushed

	

Sungrade soil s
ston e

Property

	

40°F

	

70°F

	

100°F

	

base

	

Stiff Medium

	

Soft Very soft

Unit weight (pcf)

	

145.0

	

145 .0

	

145 .0

	

135 .0

	

125 .0

	

120.0

	

115 .0

	

110. 0
Coefficient of earth pressure at rest

	

0.37

	

0 .67

	

0 .85

	

0 .60

	

0 .82

	

0.82

	

0 .82

	

0.8 2
Poisson ratio

	

0 .27

	

0 .40

	

0 .46

	

0 .38

	

0 .45

	

0 .45

	

0.45

	

0 .45
Modulus (10 3 psi)

	

1400

	

500

	

100

	

90000033

	

See Figure 3 . 6

Note . 1 psi = 6 .9 kPa, 1 pcf = 157.1 N/m3 .
Source. After Thompson and Elliott (1985) .

friction angle and cohesions of 16 .4, 11 .425, 6 .45, and 3 .105 psi (113, 78 .8, 44 .5, and 21 .4
kPa), respectively, each equal to one-half of its unconfined compressive strength .
Other material properties are shown in Table 3 .4 .

The regression equations were based on a 9000-lb (40 .1-kN) circular load having
a contact pressure of 80 psi (552 kPa), which represents one dual wheel of the standar d
18,000-lb (81-kN) single-axle load . A total of 168 pavement configurations were solve d
by ILLI-PAVE, with thicknesses ranging from 1 .5 to 8 in . (38 to 203 mm) for HMA an d
from 4 to 24 in. (102 to 610 mm) for the granular base . The factors included in the
analysis as independent variables are the thickness and modulus of HMA, the thick-
ness of granular base, and the subgrade K1 . The predicted responses include radia l
strain at the bottom of HMA, vertical strain on the top of subgrade, subgrade deviato r
stress, surface deflection, and subgrade deflection . Only algorithms for the HMA
tensile strain e t and the subgrade compressive strain e e are presented below.

log e t = 2.9496 + 0 .1289h 1 –
0 .	h95

log h2
1

– 0 .0807h 1 log El – 0 .0408 log Kl (3 .25)

log e e = 4.5040 – 0 .0738h 1 – 0 .0334h 2
– 0 .3267 log El – 0.0231K1 (3 .26)

in which et and e e are in microinch per inch, or 1 0 -6 , h 1 is the HMA thickness in inches ,
h 2 is the base thickness in inches, E l is the HMA modulus in ksi, and Kl is the break -
point resilient modulus of subgrade in ksi .

Example 3 .1 :

A three-layer system has an HMA surface with h 1 = 5 in . (127 mm) and E 1 = 500,000 psi (3 .5
GPa) ; a granular base with h 2 = 12 in . (305 mm) and Kl = 9000 psi (62 MPa) ; and a soft sub -
grade with K l = 3020 psi (21 MPa) . Determine the tensile strains at the bottom of asphalt laye r
and the compressive strain on the top of subgrade with the ILLI-PAVE algorithm .

Solution: From Eq . 3 .25, log a t = 2 .9496 + 0 .1289 X 5 — (0 .5195/5) log 12 — 0.0807 X 5 x
log 500 — 0 .0408 log 3 .02 = 2 .373, or at = 236 x 10-6 . From Eq. 3.26, log se = 4 .5040 —
0 .0738 x 5 — 0 .0334 x 12 — 0 .3267 x log 500 — 0 .0231 x 3 .02 = 2 .783, or s e = 606 X 10 -6 .
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It should be noted that the solutions given by the ILLI-PAVE algorithm are onl y
approximate, because of the inaccuracy in the DOS version of ILLI-PAVE . Solution s
of Example 3.1 by the new Windows version of MICH-PAVE, which is considere d
much more accurate, result in tensile strain calculated as 279 x 10-6 and compressiv e
strain calculated as 665 x 10-6 .

MICH-PAVE Model The MICH-PAVE computer program is very similar to ILLI-
PAVE and uses the same methods to characterize granular materials and fine-graine d
soils and the same Mohr-Coulomb failure criteria to adjust the state of stresses . A
major improvement is the use of a flexible boundary at a limited depth beneath th e
surface of subgrade, instead of a rigid boundary at a large depth below the surface . The
subgrade below the flexible boundary is considered as a homogeneous half-space ,
whose stiffness matrix can be determined and superimposed to the stiffness matrix o f
the pavement above the flexible boundary to form the overall stiffness matrix . This
procedure is quite similar to the case of slabs on solid foundation, as described i n
Section 5 .1 .1 . The use of a flexible boundary greatly reduces the number of finit e
elements required, especially those oblong elements at the bottom. Consequently, th e
storage requirement is significantly reduced and the program can be implemented o n
personal computers . The fewer number of simultaneous equations to be solved and th e
elimination of those oblong elements also yield more accurate results.

In the first edition, a comparison of solutions based on linear elastic material s
was made among ILLI-PAVE, MICH-PAVE, and KENLAYER. It was found that the
tensile strains at the bottom of HMA obtained by the two finite-element program s
differed somewhat from those obtained by KENLAYER when the HMA was less tha n
2.5 in . (63 mm) thick and that the compressive strains on the top of the subgrade obtaine d
by the finite-element programs were about 20 percent smaller than those obtained b y
KENLAYER. The reason for this error was the use of insufficient elements in these
DOS programs . The Windows-based Michigan Flexible Pavement Design Syste m
(MFPDS) developed recently by Harichandran et al . (2001) increases by several time s
the number of elements ; its results check closely with those from KENLAYER .

To show the difference in the finite-element mesh used for the three-layer syste m
in Example 3 .1, the computer plot obtained from the old DOS MICH-PAVE is com-
pared with that from the new Windows MICH-PAVE, as shown in Figure 3 .12 . It can be
seen that only 208 elements were used in DOS, because of storage limitations, but 176 8
elements were used in Windows .

Linear Analysis Figure 3 .13 shows the cross section of a three-layer syste m
subjected to a circular load with a contact radius of 6 in . (152 mm) and a contact pres-
sure of 80 psi (552 kPa) . All three layers are linear elastic . Layer 1, which ranges i n
thickness from 1 to 10 in . (25 to 254 mm), has an elastic modulus of 500,000 psi (3 . 5
GPa) and a Poisson's ratio of 0 .4 . Layer 2 has a thickness of 12 in . (305 mm), an elasti c
modulus of 20,000 psi (138 MPa), and a Poisson's ratio of 0 .38 . Layer 3 has an elasti c
modulus of 8000 psi (55 MPa) and a Poisson's ratio of 0 .45 . The tensile strains, Et, at the
bottom of layer 1 and the compressive strains, cc , at the top of layer 3 for various thick-
nesses of layer 1 are obtained by both MICH-PAVE and KENLAYER and presente d
in Figure 3 .14 .
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A cursory inspection of the figure might suggest that the two programs correspon d
very well . However, a closer review reveals considerable differences in the HMA tensil e
strains when the HMA has a thickness of less than 2 in . (51 mm) . Take the extreme cas e
of 1-in . (25-mm) HMA, for example ; the tensile strain obtained by both KENLAYE R
and ELSYM5 is 294 x 10 -6 , but that from MICH-PAVE is 335 X 1 0 -6 , a difference o f
14 percent . The differences are reduced to 5 percent for the 1 .5-in. (38-mm) HMA an d
only 2 percent for the 2-in . (51-mm) HMA. In MICH-PAVE, the HMA is divided int o
six layers of finite elements. In order to satisfy the required aspect ratio of not more
than 4:1, the thinner the HMA is, the more oblong are the elements and the greater i s
the number of elements (and thus the less accurate are the results) .

Nonlinear Analysis The same pavement section shown in Figure 3 .13 for linear
analysis was used for nonlinear analyses by considering layer 1 to be linear with th e
same elastic modulus and Poisson ratio used in the linear analysis, layer 2 to be a non -
linear granular base with Kl = 9000 psi (62 MPa) and K 2 = 0.33, and layer 3 to be a
nonlinear soft subgrade with Kl = 3020 psi (20 .8 MPa). Because MICH-PAVE assumes
a bilinear relationship between resilient modulus and deviator stress for fine-graine d
soils, similar to Figure 3 .6, but with no maximum and minimum limits, a very large
EMAX and a zero EMIN were used in KENLAYER . Other properties are the same as
those in Table 3 .4 for developing the ILLI-PAVE algorithms .

In applying KENLAYER, the 12-in . (305-mm) granular layer can be divided int o
six layers, each 2 in. (51 mm) thick, as shown in Figure 3 .15, or considered as a single

12 in .

80 ps i

IL
Variable HMA

Base 1

Base 2

Base 3

	

)K

	

Stress Point
12 in .

Base 4

Base 5

Base 6
1i

IL

n .

	

Subgrad e

FIGURE 3 .1 5

Division of granular base into six nonlinear layers (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa) .
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12 in .

80 ps i

Variable

	

HMA

	

El = 500,000 psi v 1 = 0 .4 y, = 145 pc f

Stress Point for Method 2

Stress Point for Method 3
.ate

E 2 = 9000 00 .33 v2 = 0.38 y2 = 135 pc f

K i = 3020 psi v3 = 0 .45 Y3 = 120 pcf

Soft

	

Ko = 0. 8
Stress Point for Subgrad e

FIGURE 3 .1 6
Consideration of granular base as a single nonlinear layer (1 in . = 25 .4 mm, 1 psi =
6 .9 kPa) .

12-in. (305-mm) layer, as shown in Figure 3 .16 . The following six cases were considered
and compared with MICH-PAVE :

1. The granular base is divided into 2-in. layers with the stress points at the mid-
height of each layer and PHI = 0 . This case assumes zero horizontal stresse s
when the granular material is in tension and is designated as method 1 i n
Section 3 .1 .4 .

2. This case is the same as case 1, except that PHI is assigned 40 instead of 0 . A fric-
tion angle of 40° is typical for granular base and was used to develop ILLI-PAVE
algorithms and also to run MICH-PAVE. The use of the Mohr–Coulomb failure
criterion with 4 = 40° results in a much larger horizontal stress and thus a
greater modulus, compared with method 1 .

3. The granular base is considered to be a single 12-in . (305-mm) layer with the
stress point at the upper quarter of the layer . There is no adjustment of horizon-
tal stresses, as described for method 2 in Section 3 .1 .4 .

4. This case is the same as case 3, except that the stress point is located at the upper
third, instead of at the upper quarter .

5. The granular base is considered to be a single 12-in . (305-mm) layer, with the
stress point at the midheight of the layer and PHI = 0 .

6. This case, designated as method 3 in Section 3 .1 .4, is the same as case 5 excep t
that PHI is assigned 40 instead of O.

12 in .

	

Granula r
Base

Ko-0. 6

1 in .

Subgrade
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A comparison of results between MICH-PAVE and the six cases of KENLAYE R
for various thicknesses of HMA is presented in Figure 3 .17, where the results from
MICH-PAVE are shown by the smooth curve, those from KENLAYER by the individ -
ual symbols. If several symbols are so close together that they cannot be individually
plotted, some are shifted sidewise, so their actual location should be moved horizontal -
ly to the thickness indicated. When the HMA is 5 in. (127 mm) or more in thickness, all
six symbols are very close together and check well with the curve from MICH-PAVE ,
so only case 1 is plotted .

As can be seen from Figure 3 .17, when the HMA is less than 5 in . (127 mm) thick ,
some discrepancies exist among the various cases with some above and some belo w
the curve. The scattering is much more pronounced in HMA tensile strains than i n
subgrade compressive strains . It appears that the use of six layers and PHI = 0, or
method 1, checks most closely with MICH-PAVE in both strains, so method 1 is recom -
mended for use in nonlinear analysis . Except for HMA thickness of 1 .5 in . (38 mm), the
strains obtained by method 2 with the stress point at the upper quarter lie below th e
curve produced by MICH-PAVE, and those with the stress point at the upper third lie
above, so method 2 can also yield satisfactory results when a proper stress point i s
selected . The use of method 3 with one single layer and a PHI of 40° gives the best fit i n

a
.d

All
0

x •

MICH-PAV E
o 2-in .layers PHI = 0

2-in .. layers PHI = 40
• 12-in . layer (quarter )
♦ 12-in . layer (third )
° 12-in . layer PHI = 0
q 12-in . layer PHI = 40

2

	

4

	

6

	

8

	

1 0
HMA Thickness (in .)

•

When HMA thickness is
greater than 4 in ., the
points are so close together
so only o is plotted .
	 I	 I

2

	

4

	

6

	

8

	

10
HMA Thickness (in . )

450

	

180 0

co' 1200
aa

1400

100 0

80 0

600

400

200

0
0

400

	

160 0

35 0

0 300

100

50

0

FIGURE 3 .1 7
Comparison of nonlinear solutions between MICH-PAVE and KENLAYER (1 in . = 25 .4 mm) .
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HMA tensile strains, but the match in the subgrade compressive strains is poor whe n
the asphalt layer is thin . The problem with a single layer is its failure to represent th e
actual case of decreasing modulus with depth, so the use of a single layer with the sam e
modulus throughout the layer just cannot reproduce the same responses in both tensil e
and compressive strains as those obtained by multiple layers or MICH-PAVE .

Deflection Basins All previous comparisons between MICH-PAVE and KEN -
LAYER are based on the critical strains at some given points under the axis of sym-
metry. Another important usage of the KENLAYER program is to backcalculate th e
modulus of various layers, so that the deflection basin obtained by the program ca n
match with field measurements . It will be interesting to compare deflection basins
between MICH-PAVE and KENLAYER for nonlinear analysis .

The pavement used for comparison is the same as that used for nonlinear analy -
sis . Only the case of 1 .5-in . HMA is considered, because the effects of base and sub -
grade on surface deflections are more pronounced when the pavement is thin . To
simulate the Dynatest FWD test system described by Chua and Lytton (1985), the con -
tact pressure under the 12-in . (305-mm) loading plate is increased to 100 psi (690 kPa) ,
and deflections are computed at seven locations : 0, 7 .9, 11 .8, 23 .6, 47 .2, 70 .9, and 94 .5 in .
(0, 0.2, 0.3, 0 .6, 1 .2, 1 .8, and 2 .4 m) from the center of load . Figure 3 .18 shows the cros s
section of the pavement for analysis.

As indicated previously, the stress points for computing the maximum strains ar e
located on the axis of symmetry—at RCNOL = 0 and SLD = O . However, for analyz -
ing deflection basins, average layer moduli based on RCNOL = 6 in . (152 mm) and
SLD = 0 .5 are recommended . The stress point for the subgrade is assumed at a depth
of 24 in . (0 .61 m) below the top of subgrade, instead of at 1 in . (25 mm), for computin g
maximum strains. To avoid crowdedness, only four of the six cases, as described in th e
nonlinear analysis, were investigated and compared with MICH-PAVE . It was found
that the use of a stress point at 24 in . (0.61 m) below the top of the subgrade result s
in an average subgrade modulus of 8011 psi (55 .2 MPa), but the use of one at 1 in .
(25 mm) results in 5870 psi (40.5 MPa) . The deflection at point 7, which is the farthest
point from the load, is inversely proportional to the modulus of the subgrade, independen t
of all the overlying layers, so the use of a stress point 1 in. (25 mm) from the top of the sub-
grade results in too large a deflection at point 7 when compared with MICH-PAVE .

Figure 3 .19 is a comparison between MICH-PAVE and the four cases of KEN-
LAYER. It can be seen that all four cases check well with MICH-PAVE, but the cas e
using 6 layers and PHI = 0 still gives the best fit . The discrepancies in deflection s
among the various cases are not as pronounced as those in the strains . When the point
is far from the load, all four cases yield about the same deflections, so only the circle s
are shown in the figure .

3.3 .3 Moving Load s

The use of KENLAYER for the analysis of viscoelastic layered systems under a mov -
ing load involves several steps. First, the creep compliances of HMA at several time du-
rations are specified at a reference temperature . The compliances are then fitted with a
Dirichlet series, and the time–temperature superposition principle is applied to obtain



3 .3 Comparison with Available Solutions 12 1

6 in .

100 ps i

	 2 3
4 't' A A

1 .5 in. HMA

7 Deflection Sensor s

6
1

t
12 in . Granular Bas e

1 stress point if one layer of granular bas e

6 stress points along this line if base is divided into six layer s

Soft Subgrade

	

(see Figure 3 .6)
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FIGURE 3 .1 8

Cross section used for comparing deflection basins (1 in . = 25 .4 mm, 1 psi = 6.9 kPa, 1 pcf =
157 .1 N/m3 ) .
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FIGURE 3 .1 9
Comparison of deflection basin between MICH-PAVE and KENLAYER (1 in . = 25 .4 mm) .

the compliances at any given temperature and time . Next, the viscoelastic response s
under a static load are determined and expressed again as a Dirichlet series, and Boltz-
mann's superposition principle is then applied to obtain the responses under a movin g
load. Because these procedures are complex and repeatedly invoke the approximate
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74.43 ps i

w o
HMA Viscoelastic v l = 0 .5

BASE
Linea r
Elastic E 2 = 58,820 psi, v2 = 0 . 5

Subgrade
Linea r
Elastic E3 = 45,450 psi, v3 = 0 .5

method of collocation, it is desirable to check the entire process from the input o f
creep compliances at a reference temperature to the output of responses under moving
loads at various pavement temperatures . This can be accomplished by comparing th e
solutions between KENLAYER and VESYS.

Figure 3 .20 shows a viscoelastic three-layer system subjected to a moving load o f
duration 0 .1 s. The load is applied over a circular area with radius 6 in . (152 mm) an d
contact pressure 74.43 psi (514 kPa) . The HMA layer is considered viscoelastic, with it s
creep compliances specified for 11 time durations at reference temperature 70°F (21°C) .
The base and the subgrade are considered linear elastic, with their moduli shown in the
figure .

The system shown in Figure 3 .20 was employed by Kenis (1977) to illustrate the
application of VESYS. Each year was divided into 12 months, and the maximum de-
flections on the pavement surface and the radial tensile strains at the bottom of the as -
phalt layer at 12 different temperatures were presented and are tabulated in Table 3 .5 .
Also shown in Table 3 .5 are the solutions obtained by KENLAYER . It can be seen that
some solutions by VESYS are nearly the same as those by KENLAYER, while other s
are somewhat different. However, the discrepancies are not more than 5% . In view o f
the approximate nature of the procedures employed by both programs, these discrep-
ancies are expected and should be considered acceptable .

3.3.4 Damage Analysi s

The DAMA computer program developed by the Asphalt Institute also employs th e
damage concept to determine the design life. It is interesting to compare the results ob -
tained from DAMA with those from KENLAYER .

Chen et al . (1995) made an assessment of five computer programs (viz ., ILLI-
PAVE, MICH-PAVE, ABAQUS, DAMA, and KENLAYER) and concluded tha t
DAMA was probably the most appropriate among the five for routine structura l
analysis of flexible pavements . Note that both DAMA and KENLAYER are based o n
the Burmister layer theory and should yield nearly the same results for linear analysis .
However, Chen et al. showed that DAMA and KENLAYER matched very well o n
surface displacements and tensile strains at the bottom of the asphalt layer, but that the

FIGURE 3 .2 0

A viscoelastic three layer system unde r
a moving load (1 in . = 25 .4 mm ,
1 psi = 6 .9 kPa) .
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TABLE 3 .5

	

Comparison of VESYS and KENLAYE R

Pavement Deflection (10-3 in .) Radial strain (10-6 )
temperatur e

(°F) VESYS KENLAYER VESYS KENLAYER

49 .7 3 .884 3 .764 38 .86 36 .8 9
53 .3 3 .922 3 .816 39 .97 38 .20
59 .5 4 .152 4.152 46 .82 46 .6 9
68 .6 5.526 5 .615 90 .16 90 .8 9
75 .2 6.827 7 .160 141 .9 147 . 8
81 .6 8.232 8 .753 201 .0 210 . 5
84 .6 8 .861 9.335 226 .5 237 . 9
84 .7 8 .882 9.359 227 .3 238 . 7
78 .9 7.658 8.081 177 .2 184 . 8
70 .1 5 .824 5 .950 100 .8 102 .2
59 .1 4 .126 4.116 46 .01 45 .7 3
52.3 3 .908 3 .795 39 .55 37 .70

Note. Radial strains are in tension but negative signs are not shown. 1 in. = 25 .4 mm.

compressive strains at the top of the subgrade obtained by KENLAYER were unrealis-
tically small . This discrepancy was caused by their misuse of KENLAYER . They forgot to
add 0.0001 or a small amount to the depth of interface, so the compressive strains on th e
top of the subgrade that they reported were actually those for the bottom of the granula r
base . They also compared the vertical stress on the surface and showed that only DAMA
and MICH-PAVE gave a vertical stress exactly equal to the contact pressure ; all th e
other programs were way off the mark . It should be noted that the vertical stress on th e
surface of pavement within a loaded area should theoretically be equal to the tire contac t
pressure. However, this can be achieved even approximately only after numerous cycle s
of numerical integration . Now, this stress is already known, and it is not used as a criteri -
on for pavement design, so it is not worthwhile to spend the extra computer time just for
the purpose of showing that the stress is nearly equal to the contact pressure . For numer -
ical methods, it is not possible to obtain a vertical stress exactly equal to the contact pres -
sure. It is believed that DAMA and MICH-PAVE did not get the vertical stres s
numerically, but simply assigned the contact pressure to it . To avoid confusion, KEN -
LAYER was changed by setting the vertical pressure inside the loaded area exactl y
equal to the contact pressure and assigning zero to that outside the loaded area .

DAMA Model The DAMA computer program can be used to analyze a multilaye r
elastic pavement structure by cumulative-damage techniques for a single- or dual-whee l
system. Any pavement structure comprised of hot-mix asphalt, emulsified asphalt mix-
tures, untreated granular materials, and subgrade soils can be analyzed, provided that
the maximum number of layers does not exceed five . Environmental effects are charac -
terized by input variables : mean monthly temperatures and variable monthly material
modulus.

Pavement Temperature The air-temperature data are used to account for the
effect of temperature on moduli of asphalt mixtures . The relationship between mean
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pavement temperature Mp and mean monthly air temperature Ma varies with the
depth below pavement surface in accordance with the formul a

MpMa(l+Z+4) 2344+6

	

(3 .27)

in which z is the depth below surface in inches. The temperature at the upper thir d
point of each layer is used as the weighted-average pavement temperature .

The capability to account for monthly variations in the properties of base, sub -
base, and subgrade allows one to assess the effects of freeze–thaw or variable moistur e
conditions on pavement life. For pavements using emulsified asphalt stabilized materi -
als, the effect of modulus change over any specified cure time is also considered in the
damage analysis.

Nonlinear Analysis In DAMA, the subgrade and all asphalt-stabilized layer s
are considered to be linear elastic, the untreated granular base nonlinear elastic . The
consideration of subgrade as linear elastic is a reasonable approximation because th e
variation of modulus due to the change of subgrade stresses is usually quite small an d
a reasonable subgrade modulus can be assumed . Instead of using the more accurat e
method of iterations and Eq . 3 .8 to determine the modulus of granular layer, the fol-
lowing predictive equation based on multiple regression is used to account for stres s
dependency (Smith and Witczak, 1981) :

E2 = 10.447[0 .471 hZ ° °41 Eio .is9 6 .287 K?.868

	

(3 .28)

In this equation, El , E2 , and E3 are the modulus of asphalt layer, granular base, and
subgrade, respectively; h 1 and h 2 are the thickness of the asphalt layer and granular
base, respectively ; and K l is the nonlinear constant in Eq . 3 .8 with the exponent K2
equal to 0 .5 .

Equation 3 .28 was developed from pavement structures composed of only three
layers under an 18,000-lb (80-kN) single-axle load . When two different asphalt-stabi-
lized layers with thicknesses hla and h lb and moduli Ela and Elb are present above the
aggregate layer, the equivalent modulus El of the combined asphalt layer (with thick-
ness hia + h lb ) is determined by

E1 =
[h1a(E1a)1/3 + h ib(Eib)

i /31 3

h la + hi p

Example 3 .2 :

For the four-layer system shown in Figure 3 .21, with moduli of 966,000 psi (6 .7 GPa) for the
surface course, 1,025,000 psi (7 .1 GPa) for the binder course, and 12,000 psi (8.3 MPa) for
the subgrade, determine the modulus of the granular layer by Eq . 3 .28 for a Kl of 8000 psi
(55 MPa) .

(3 .29)
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FIGURE 3 .21

A four-layer linear system for damage analysis (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 lb = 4 .45 N) .

Solution: In Eq. 3 .28, El is the equivalent modulus for the surfaceand binder courses com-
bined and can be determined from Eq. 3 .29 : E l = {[1 .5 x'/966,000 + 4 .0 x 0,025,000] /

(1 .5 + 4 .0)1 3 = 1,009,000 psi (7 .0 GPa) . From Eq. 3 .28 with hi = 1 .5 + 4.0 = 5 .5 in . (140 mm) ,
the modulus of the granular base = 10 .447 X (5.5)-0.471 x (6) -0.041 x (1,009,00010139 x

(12,000) 0287 x (8000) 0868 = 23,040 psi (159 MPa) .

Comparison of Strains by Linear Analysis Figure 3 .21 shows a four-layer linear sys-
tem subjected to a 9000-lb (40-kN) dual-wheel load exerting a contact pressure o f
85 psi (587 kPa) . Using the Asphalt Institute's failure criteria, as shown in Eqs . 3 .6 and
3 .7 with ft = 0.0796, f2 = 3.291, f3 = 0.854, f4 = 1.365 X 10-9, and fs = 4.477, a dam-
age analysis was made by both DAMA and KENLAYER, and the results were compared .

Table 3.6 shows a comparison of tensile strains at the bottom of the HMA binde r
course and the compressive strains on the top of subgrade between DAMA and KEN -
LAYER. It can be seen that the two solutions correspond very well.

Comments on Table 3.6

1. The monthly air temperature is used to determine the HMA modulus, which i s
described in Section 7 .2 .3 . These are the temperatures in South Carolina and
were applied by the Asphalt Institute to develop design charts .

2. The granular base is assumed nonlinear . The nonlinear constants K l vary
throughout the year and are used to determine the modulus of the granular base .
The value of Kl is 8000 in normal months, but can increase to 400% in the winte r
and decrease to 25% during the spring breakup . After these values are entered ,
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DAMA computes the modulus for each month from Eqs . 3 .28 and 3 .29 . A modu-
lus of 23,039 psi (159 MPa) computed for December checks with Example 3 .2 .

3. The moduli of HMA surface and binder courses are based on a standard mix and
vary with the pavement temperature . Although the same mix properties are spec -
ified for surface and binder courses, there is a slight difference between the mod -
uli due to the difference in pavement temperatures at different depths .

4. The subgrade is considered linear elastic. The modulus of the subgrade is 12,000 ps i
(82 .8 MPa) in normal months, but can range from 7200 to 50,000 psi (50 to 345 MPa) .

5. The tensile strains at the bottom of the binder course and the compressive strain s
on the top of the subgrade were computed at three points : one under the center
of one wheel, one at the edge of one wheel, and the third at the center between th e
two duals, as shown in Figure 3 .21 . Only the maximum of the three is presented i n
the table. It is not necessary to compute the strains at the bottom of the surfac e
course, because they are not critical and could be in compression .

6. The tensile strain for DAMA is the overall principal strain, but that for KEN -
LAYER is the horizontal principal strain . As can be seen, the two strains check
very closely. However, this is not true at the bottom of the HMA surface course,
where a large difference exists between the two . It was found that the overal l
principal strain at the bottom of the surface course was in tension, but the hori-
zontal principal strain was in compression. If the surface and binder courses ar e
combined as a unit, the bottom of the thinner surface course lies above the neu-
tral axis and should be in compression . This is the reason the horizontal principa l
strain is used for fatigue analysis. For multiple wheels, KENLAYER prints out
both the overall principal strain and the horizontal principal strain, but only the
horizontal strain is used for damage analysis .

7. KENLAYER solutions are based on linear elastic layers using the modulus value s
obtained from DAMA, as shown in the table. The close agreement betwee n
DAMA and KENLAYER indicates the correctness of the linear elastic solutions .

Comparison of Damage Ratios by Nonlinear Analysis Table 3 .7 is a comparison of
damage ratios between DAMA and KENLAYER . The number of axle-load repeti-
tions during each month is assumed to be 5000 . For each month, the damage ratios ar e
computed at three points, as indicated in Figure 3 .21, and the maximum of the three i s
shown in the table. In applying KENLAYER, both the HMA layers and the subgrad e
are assumed to be linear elastic, having the same modulus values as in DAMA, but th e
granular base is assumed to be nonlinear elastic, with its modulus obtained by itera-
tions based on the monthly Kl values specified .

Three methods can be used with KENLAYER, as shown in Figure 3 .22 . In
method 1, the granular base is divided into three layers, each 2 in . (51 mm) thick with
PHI = O. In method 2, the granular base is considered as one layer, with the stres s
point at the upper quarter and PHI = K1 . In method 3, the granular base is considered
as one layer, but with the stress point at the midheight and a PHI of 40 . The load is ap -
plied over dual wheels ; another wheel, in the transverse (or y) direction, is not shown in
the figure. The stress points are placed between the dual wheels with XPTNOL = 0 ,
YPTNOL = 6 .75 in. (171 mm), and SLD = 0 .
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FIGURE 3 .2 2
Three methods for characterizing nonlinear granular layers (1 in. = 25 .4 mm, 1 pcf = 157 .1 N/m3 ) .

Comments on Table 3. 7

1. From the Kl of the base course material, DAMA computes the base modulus b y
Eqs. 3 .28 and 3.29; KENLAYER determines the modulus by iterations . Two base
moduli are shown for method 1: the top value for the top layer, the bottom valu e
for the bottom layer. The modulus of the middle layer lies between the two and i s
not presented.

2. During each month, DAMA computes the damage ratios for fatigue cracking an d
permanent deformation at three points. These monthly ratios are summed sepa-
rately over a year, and the maximum ratio among the three at the end of one yea r
is used to determine the design life . Because the maximum damage ratio for eac h
month does not occur at the same point, the maximum damage ratios at the end
of a year as obtained by DAMA are actually 3 .943% for fatigue cracking and
6.244% for permanent deformation, which are slightly smaller than the sum s
3.970 and 6.294% shown in Table 3 .7 .

3. The damage analysis by KENLAYER is not limited to dual wheels with three
fixed points but can also be applied to a combination of single-, dual-, and multi -
ple-wheel loads ; the maximum damage ratio during each month for each load
group is determined and summed over the year to compute the design life . Thi s
procedure, although not theoretically correct, does give a clear picture of th e
damage during each month for each load group. The analysis is more conserva-
tive, because the maximum damage ratio during each month for each load grou p
might not occur at the same point .

4. The damage ratios obtained from KENLAYER by using methods 1 and 2 check
closely with those from DAMA, but those obtained by method 3 with PHI = 40
are somewhat smaller . An inspection of the table reveals that, during the sprin g
months (April, May, and June), when the modulus of the subgrade is below
10,000 psi (6 .9 MPa), the modulus and damage ratios obtained by method 3 check
closely with those obtained by methods 1 and 2, but their discrepancies increas e

85 ps i
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as the subgrade modulus increases . Consequently, a larger PHI might have to b e
used for a stronger subgrade .

5. Theoretically, KENLAYER should be more accurate than DAMA, because i t
uses direct iterations instead of the indirect regressions based on the results of it -
erations. Therefore, the prime interest is not in the comparison between DAMA
and KENLAYER, but rather in the comparison among the three methods . If PHI
in method 3 is changed to 60, the damage ratio for fatigue cracking will be in -
creased to 3 .969%, which checks well with the 3.997% from method 1 ; however ,
the match of damage ratio for permanent deformation will not be as good, as in -
dicated by damage ratios at 6 .272 vs 6 .446% . If the granular base is divided into
several layers, the tensile strain at the bottom of HMA is affected most signifi-
cantly by the modulus of the uppermost layer, and the compressive strain on th e
top of the subgrade by that of the lowest layer . If the modulus of a single layer i s
selected so that the tensile strain at the bottom of HMA checks well against tha t
obtained from multiple layers, a different and smaller modulus is needed t o
match the compressive strain on the subgrade . Unless the asphalt layer is thick
and the effect of the granular base is not very significant, it is just impossible t o
replace multiple granular layers by a single layer and expect both to match closely
in tensile and in compressive strains .

3 .4

	

SENSITIVITY ANALYSI S

With the use of KENLAYER, sensitivity analyses were made on both three-and four-
layer systems to illustrate the effect of various parameters on pavement responses . The
complex interactions among the large number of parameters make it difficult to pre -
sent a concise, but accurate, picture on the effect of a given parameter, because the ef-
fect depends not only on the parameter itself, but also on all other parameters .
Conclusions based on a set of parameters could be invalid if some of the other para-
meters are changed . The best approach is to fix all other parameters at their most rea-
sonable values while varying the parameter in question, to show its effect .

3.4 .1

	

Linear Analysis

This analysis is based on the assumption that all layers are linear elastic . Although
HMA layers are viscoelastic and granular layers are nonlinear elastic, an approximat e
procedure is to assume them to be linear elastic by selecting appropriate moduli fo r
HMA, based on vehicle speeds and pavement temperatures, and for granular materi-
als, based on the level of loading .

Three-Layer Systems To illustrate the effect of some design factors on pavement re -
sponses, an elastic three-layer system is used, as shown in Figure 3 .23 . The variables to
be considered include layer thicknesses h l and h 2 and layer moduli El, E2 , and E3 . Two
types of wheel loads are considered : one on a single tire and the other on a set of dual
tires with a dual spacing of 13 .5 in . (343 mm). A contact radius a of 5 .35 in . (136 mm) is
assumed for a single tire, 3 .78 in. (96 mm) for dual tires . These radii are based on an 18-kip
(80-kN) single-axle load exerting a contact pressure of 100 psi (690 kPa) . The Poisson
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FIGURE 3 .2 3
Three-layer systems subjected to single- and dual-wheel loads (1 in . = 25 .4 mm ,
1 lb = 4 .45 N) .

ratios for the three layers are 0 .35, 0 .3, and 0 .4, respectively. For a single tire, the critical
strains occur under the center of the loaded area . For a set of dual tires, the strains a t
points 1, 2, and 3, as shown in Figure 3 .23, are computed, and the largest among the
three is selected as the most critical.

Effect of Layer Thickness The effect of HMA thickness hl and base thicknes s
h2 on the tensile strain e t at the bottom of asphalt layer and the compressive strain e c a t
the top of subgrade was investigated .

Figure 3 .24 shows the effect of h l on e t and c c when El = 500,000 psi (34 .5 GPa) ,
E2 = 20,000 psi (138 MPa), E3 = 7500 psi (51 .8 MPa), and h 2 = 4 or 16 in . (102 or
406 mm) . The reason that two different thicknesses h 2 are used is to check whether th e
trend on a very thin base is also applicable to that on a thick base . The legend for vari-
ous cases and a typical cross section are shown on the right side of the figure. A review
of Figure 3 .24 reveals the following trends :

1. For the same total load and contact pressure, single-wheel loads always result i n
greater c c , but not necessarily greater e t . When the asphalt surface is very thin, e t
under dual-wheel loads is greater than under a single-wheel load . Therefore, the use
of a single tire to replace a set of duals, as has been practiced in ILLI-PAVE and
MICH-PAVE, is unsafe when analyzing the fatigue cracking of a thin asphalt surface .

2. Under a single-wheel load, there is a critical thickness at which e t is maximum .
Above the critical thickness, the thicker the asphalt layer, the smaller is the ten-
sile strain; below this critical thickness, the thinner the asphalt layer, the smaller i s
the strain . The same trend is shown in Figures 2 .21 and 3 .14 and was also report-
ed by Freeme and Marais (1973), who indicated that fatigue cracking could b e
minimized by keeping the asphalt surface as thin as possible . The critical thick-
ness is not as pronounced under dual wheels as it's under single wheels .

El

	

v t = 0 .35
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FIGURE 3 .2 4
Effect of HMA thickness on pavement responses (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa) .

3. Above the critical thickness, increasing hi is very effective in reducing e t , regard-

less of the base thickness. Unless the asphalt surface is less than 2 in . (51 mm)
thick, the most effective way to prolong the fatigue life is to increase the HM A

thickness .

4. Increasing h 1 is effective in reducing e ., only when the base course is thin, no t
when the base course is thick .

Figure 3 .25 shows the effect of h 2 on e t and e c when E l = 500,000 psi (34 .5 GPa) ,
E2 = 20,000 (138 MPa), E3 = 7500 psi (51 .8 MPa), and h 1 = 2 or 8 in. (51 and 203
mm). The following trends can be found in Figure 3 .25 :

1. When h 1 is 2 in . (51 mm) or more, the replacement of dual wheels by a singl e
wheel increases both Et and e c.

2. An increase in h 2 does not cause a significant decrease in e t , especially when h 1 i s
large .

3. An increase in h 2 causes a significant decrease in e, only when h 1 is small . Unles s
a full-depth or thick layer of HMA is used, the most effective way to reduce e c i s
to increase h2 .

Effect of Layer Modulus The effect of the base modulus E 2 and subgrade mod-
ulus E3 on the tensile strain Et and the compressive strain e c is now discussed. The ef-
fect of HMA modulus El is not presented, because it is well known that an increase in
El results in a decrease in Et and e c . However, an increase in El also causes a decrease
in the allowable number of repetitions for fatigue cracking, as is indicated by Eq . 3 .6 .
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(51.8 MPa) . It can be seen that E2 has more effect on Et than on E, and that the effect
is greater when El is smaller .

Figure 3 .27 shows the effect of E3 on E t and E, when h 1 = 4 in . (102 mm) ,

h2 = 8 in. (203 mm), E l = 200,000 or 1,000,000 psi (1 .4 or 6.9 GPa), and E2 = 20,000 ps i

(138 MPa) . It can be seen that E3 has a large effect on E, but a very small effect on Et.

The effect of E3 is nearly the same, no matter how large or small E l is.

Four-Layer Systems Figure 3 .28 shows a standard pavement consisting of 4 in . (102 mm)
of hot-mix asphalt surface course, 8 in . (203 mm) of crushed-stone base course, and
8 in. (203 mm) of gravel subbase course, which is subjected to a 9000-lb (40-kN )
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FIGURE 3 .2 7
Effect of subgrade modulus on pavement responses (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa) .

9000 lb

FIGURE 3 .2 8
Four-layer elastic system for sensitivity
analysis (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa ,
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single-wheel load exerting a contact pressure of 70 psi (483 kPa) . The elastic modulus
and Poisson ratio of each layer are shown in the figure .

In addition to the standard case, six nonstandard cases, each with only one para-
meter different from the standard case, were also analyzed .The results are presented in
Table 3 .8. Case 1 has the same total load as the standard case but the contact pressur e
is doubled, thus resulting in a smaller contact radius . Case 2 has a strong subgrade with
an elastic modulus three times greater than the standard case . In case 3, all layers are
assumed incompressible with a Poisson ratio of 0 .5.The granular base is replaced by a n
asphalt base in case 4 and by a cement-treated base in case 5 . Theoretically, the Poisson
ratio of these treated bases should be different from that of the granular base ; however ,
because the effect of Poisson ratio is small, the same Poisson ratio, 0 .35, is used . Case 6
is a five-layer system with the top 6 in. (152 mm) of subgrade replaced by a lime -
stabilized layer with the same Poisson ratio of 0 .45 . The values in parentheses were ob-
tained from the ELSYM5 (Kopperman et al., 1986) program, as reported by ERES
Consultant, Inc . (1987) . It can be seen that the solutions obtained from KENLAYER
check closely with those from ELSYM5 .

The responses to be compared include the surface deflection w 0, the radial stres s
U, and the tensile strain e, at the bottom of the HMA, the vertical stress a_ at the top
of each layer, the radial stress at the top and bottom of each layer, the vertical com-
pressive strain e c at the top of the subgrade, and the vertical and radial stresses in th e
subgrade 36 in . (914 mm) below the surface. The surface deflection is a good indicatio n
of the overall strength of a pavement . The tensile strain at the bottom of the asphalt
layer and the compressive strain at the top of the subgrade have frequently been use d
as design criteria . The vertical stresses contribute to the consolidation of each layer an d
the rutting on the surface. The radial stresses are important because they cause the rup -
ture of rigid layers and control the resilient modulus of unbounded granular layers .

Comments on Table 3. 8

1. A comparison of case 1 with the standard case indicates that the effect of contac t
pressure or contact radius is significant only in the top layers . If the design is gov-
erned by the radial tensile strain at the bottom of the asphalt layer, case 1 results i n
a radial strain 45% greater than the standard case, thus requiring the use of thicke r
or better HMA to prevent fatigue cracking . If the design is governed by the vertica l
compressive strain at the top of subgrade, case 1 has a vertical strain only 3 .6%
greater than the standard case, so the effect of contact radius is insignificant .

2. A comparison of case 2 with the standard case indicates that a strong subgrad e
reduces the surface deflection by 38%, but the tensile strain at the bottom of th e
asphalt layer by only 4 .1% . The stiffer foundation cause the vertical and radia l
compressive stresses to increase and the radial tensile stesses to decrease . The effect
is most significant in the subbase, which lies directly above the subgrade, and di-
minishes in the layers that are farther away from the subgrade. Because the gran-
ular base and subbase are actually nonlinear, the change in vertical and radia l
stresses will increase their resilient moduli, so the effect of a stronger subgrade o n
the tensile strain at the bottom of the asphalt layer should be greater than the 4 %
obtained from the linear theory .
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3. A comparison of case 3 with the standard case indicates that the Poisson ratio s
have very little effect on the surface deflection, the vertical stresses, and the radi -
al tensile strain at the bottom of the asphalt layer, but a significant effect on th e
radial stresses . The vertical compression strain at the top of the subgrade is re-
duced by 9 .1% by the greater Poisson ratio .

4. The replacement of granular base by asphalt base, as shown in case 4, results in a
significant decrease in the surface deflection and the stresses in the subbase an d
subgrade . The radial stress at the bottom of the HMA surface course change s
from tension to compression, so the most critical tensile strain occurs at the bot-
tom of the asphalt base course, instead of the surface course .

5. The replacement of granular base by cement base, as shown in case 5, further re-
duces the surface deflection and the stresses in the subbase and subgrade, as com -
pared to case 4 . The radial tensile stress at the bottom of the base course
increases with the rigidity of the base.

6. A comparison of case 6 with the standard case indicates that the placement of a
6-in. (152-mm) lime-stabilized layer above the subgrade reduces the tensile strai n
at the bottom of layer 1 by only 5 .4%. The effect is similar to case 2 with a
stronger subgrade .

7. The radial stresses in the subgrade are always in compression, while thos e
in the subbase and at the bottom of the base are in tension . One exception is
in case 6, where the radial stress at the bottom of the subbase is in com-
pression as a result of the existence of a very stiff lime-stabilized laye r
underneath .

3.4.2 Nonlinear Analysi s

This analysis is based on the assumption that one or more layers are nonlinear elas-
tic with a stress-dependent resilient modulus . The nonlinear granular layer can b e
considered as a single layer or subdivided into a number of layers, each not over 2 in .
(51 mm) thick .

Three-Layer Systems Figure 3 .29 shows a three-layer system subjected to a total load
P, which is applied by a single tire and a set of dual tires . Under a given contact radius,
the stresses, strains, and deflections in a linear system are proportional to the contact
pressure or the magnitude of the total load, P . However, for a nonlinear system wit h
stress-sensitive granular materials, the increase in responses is not as rapid as the
increase in load due to the stiffening effect of granular materials under greater loads.
The purpose herein is to find the effect of load magnitude on pavement responses . The
information necessary for the analysis is shown in the figure .

Figure 3 .30 illustrates the effect of Pon e t and ec when h l = 2 or 8 in . (51 or 203 mm) .
The granular base is divided into six layers with PHI = 0 . The reason the subgrade is
considered linear elastic instead of nonlinear elastic is that the nonlinear effect is usu -
ally quite small and can be neglected .
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Comments on Figure 3 .30

1. For a thin HMA layer with h 1 = 2 in . (51 mm), e t under dual-wheel loads i s
greater than under a single-wheel load . 'This trend is noted in Figure 3 .24, but i s
more pronounced when the base is nonlinear. Figure 3 .30 further shows that the
greater the load, the more difference there is in E t between single and dual
wheels. This is because the single-wheel load results in greater stresses in th e
granular base and makes the base stronger, thus further decreasing E t .

2. The nonlinear effect, as indicated by the curvilinear relationship between e t and P,
is more pronounced for thinner HMA than for thicker HMA. For thicker HMA
with h t = 8 in. (203 mm), the relationship between E c and P is nearly linear .

3. The differences in responses between single and dual wheels are more significan t
when the HMA is thin and become less significant as the HMA thicknes s
increases.

Four-Layer Systems Figure 3 .31 is the standard case for a nonlinear elastic syste m
similar to the linear system shown in Figure 3 .28. Even though layer 1 is actually
viscoelastic, it is always possible to find a vehicle speed or load duration such that the
modulus is equal to 500,000 psi (3 .5 GPa) . The elastic modulus of base, subbase, and
subgrade are stress dependent, as is indicated by the equations shown in the figure . For
fine-grained subgrade soil, only the equation for a deviator stress smaller than 6 .2 psi
(42.8 kPa) is shown, because the actual stress is always smaller than this value . The
constants in these nonlinear equations were selected so that the same moduli as in th e
linear system could be obtained . To achieve a modulus of 25,000 psi (173 MPa) fo r

9000 l b

6 .4 in .
70 psi

"ii i
E = 500,000 ps i

E 2 = 6000 0"

	

yZ = 135 pcf

v, = 0 .35

	

K,, = 0 . 6

E 3 = 6000 0° s

	

y3 = 135 pc f

v3 = 0 .35

	

K,, = 0 . 6

E 4 = 1200 + 11 10 (6.2 ad )

v4 =0.45

	

yy=115pcf

ii'i'i1'
v ] = 0 .3

	

y i = 145 pcf 4 in .

I E = 29,290 psi
Average

E = 25,520 ps i
E = 22,340 psi E2 = 24,220 psi 8 in .

E = 19,730 ps i
E = 17,620 psi
E = 15,930 psi Average

8 in .
E = 14,660 psi = 15,490 ps i
E = 13,760 ps i

Kit = 0 .82 E 4 = 4993 psi 6 in .

FIGURE 3 .3 1

Four-layer nonlinear elastic system for sensitivity analysis (I in . = 25 .4 mm, 1 psi = 6 .9 kPa .
1 lb = 4 .45 N, 1 pcf = 151 .7 N/m ' ) .
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TABLE 3 .9 Sensitivity Analysis of Nonlinear Elastic Multilayer System s

Case 1 Case 4 Case 5

Response
Standard

case

high
pressure

q = 140 psi

Case 2
strong

subgrade l

Case 3
stron g
base 2

stron g
bas e

K2 = 0 .7

strong
surfac e

E l = 106 psi

Case 6
subgrad e
Ko = 0 .4

Avg E2 (psi) 24,220 26,360 25,870 53,000 46,110 20,740 24,020

Avg E3 (psi) 15,490 15,720 17,930 30,090 21,600 14,510 15,160

E4 (psi) 4993 4984 14,700 5514 5359 5211 4277

wo (in.) 0 .0341 0 .354 0 .0205 0.0252 0 .0277 0 .0307 0 .0371

(0.0341) (0 .0360) (0 .0212 )
E, (10 -6 ) -290.0 -403 .4 -267 .5 -173 .6 -193 .2 -218.9 -293 . 4

(-295.7) (-428 .7) (-283 .5 )
E,, (10-6 ) 691 .0 704 .5 357 .6 507 .5 564 .0 584.4 748 .7

(688.8) (713 .8) (355 .2)

Note . Figures in parentheses are from Table 3 .8 based on the elastic system . 1 psi = 6 .9 kPa, 1 in . = 25 .4 mm .

Subgrade K l = 12,340 psi
2 Base K l = 12,000 ps i

the base and 15,000 psi (104 MPa) for the subbase, the same Kl of 6000 should be used .
The base and subbase courses are each subdivided into four layers . The modulus of
each layer, as obtained by KENLAYER, is shown in the figure .

In addition to the standard case shown in Figure 3 .31, six more cases, each with
only one parameter different from the standard case, were also analyzed . The results
are presented in Table 3 .9 . The responses include the average base and subbase modul i

E2 and E 3 , the subgrade modulus E4 , the surface deflection wo, the radial tensile strain
et at the bottom of layer 1, and the vertical compressive strain ee at the top of the sub -
grade . For comparison, the corresponding wo, e t , and e e based on the linear theory, as
presented in Table 3 .8, are shown in parentheses .

Comments on Table 3.9

1. The standard case for nonlinear analysis is very similar to that for linear analysis ,
with nearly the same layer moduli . A comparison between linear and nonlinear
solutions shows that the nonlinear solution results in the same wo, a slightl y
smaller e t , and a slightly greater ee . These results are reasonable because w o
depends on the average moduli, e t depends to a large extent on the modulus o f
the material immediately under the asphalt layer, and e e depends on the modulus
of the material immediately above the subgrade. Although the average moduli of
the nonlinear system are the same as those of the linear system, the modulus o f
the granular layer immediately below the asphalt layer is 29,290 psi (201 MPa) ,
which is greater than the average base modulus of 24,220 psi (167 MPa), and th e
modulus of the granular layer immediately above the subgrade is 13,760 psi (95
MPa), which is smaller than the average subbase modulus of 15,490 psi (107 MPa) .
The greater the base modulus immediately below the asphalt layer, the smaller i s

the e t ; the smaller the subbase modulus immediately above the subgrade, th e

greater is the e e .
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2. With the same total load, an increase in tire pressure causes an increase in E 2 but
has practically no effect on E3 and E4. This is reasonable because the subbase an d
subgrade are quite far away from the load and are not affected by contact pres-
sure, as long as the total load is the same . Furthermore, the relatively large geo -
static stress in the subbase and subgrade also reduces the effect of loading stres s
on the resilient modulus. Given the increase in E2, the nonlinear analysis results
in a smaller w0 , Et, and e c , compared with the linear analysis.

3. A strong subgrade causes an appreciable increase in E2 and E3. An increase of E4

from 4993 psi (34.5 MPa) to 14,700 psi (101 .4 MPa) results in a 16% increase in
E3 and 7% increase in E2 . Consequently, the nonlinear analysis results in a re-
duction of Et by 7 .8% compared to the 4 .1% in the linear analysis .

4. A stronger base or subbase can be obtained by increasing the nonlinear coeffi -
cients Kt and K2 . The effect of Kt and K2 is more significant on Et than on e c.

5. A strong surface course causes a decrease in E2 , a slight decrease in E3 and E4 ,

and a significant decrease in w 0 , et, and e c.

6. A decrease in the K0 of the subgrade reduces E4 and e c , but has practically no
effect on E2, E3 , and E t . Because the horizontal stresses at all the stress points i n
the granular layers are in tension, which must be set to 0 to compute the stres s
invariant, the K0 of the granular materials in the base and subbase has no effect
on the analysis.

7. The large effect of geostatic stress makes the modulus of the subgrade less sensi-
tive to the loading stress or the moduli of the overlying layers . It appears reason-
able to assume the subgrade to be linear with an elastic modulus independent o f
the state of stresses. This is not true for bases and subbases, because their elasti c
moduli depend strongly on the stiffness of subgrade.

SUMMARY

This chapter describes some features of the KENLAYER computer program . The the-
ory presented in Chapter 2 and Section 3 .1 was used in developing KENLAYER .

Important Points Discussed in Chapter 3

1. The basic component of KENLAYER is the elastic multilayer system under a cir-
cular loaded area. Each layer is linear elastic, homogeneous, isotropic, and infi-
nite in areal extent. The problem is axisymmetric, and the solutions are in term s
of cylindrical coordinates r and z .

2. For multiple wheels involving two to six circular loaded areas, the superpositio n
principle can be applied, because the system is linear . The stresses at a given point
due to each of these loaded areas are not in the same direction, so they must b e
resolved into x and y components and then superimposed .

3. The same superposition principle can also be applied to a nonlinear elastic sys-
tem by a method of successive approximations. First, the system is considered t o
be linear, and the stresses due to multiple-wheel loads are superimposed . From
the stresses thus computed, a new set of moduli for each nonlinear layer is then
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determined. The system is considered linear again, and the process is repeate d
until the moduli converge to a specified tolerance .

4. Because the most critical strains occur directly under or near the load, a poin t
under the center of a single wheel or between the centers of dual wheels can be
selected for computing the elastic modulus of each nonlinear layer .

5. Three methods can be used in KENLAYER to adjust the horizontal stresses fo r
determining the modulus of granular layers . In method 1, the granular layer i s
subdivided into a number of layers, each of maximum thickness 2 in . (51 mm) ,
and the stress points are located at the midheight of each layer, with PHI = O . In
method 2, the granular base or subbase is not subdivided, and the stress point i s
located at the upper quarter or upper third of the layer with PHI = K1, which i s
the nonlinear coefficient of the granular material . In method 3, the layer is not
subdivided, the stress point is at the midheight, and PHI is equal to the angle of
internal friction of the granular material . A comparison with the results from
MICH-PAVE indicates that method 1 yields the best results. For pavements with
a thick layer of HMA, where the effect of granular layer is not very significant ,
the use of a single layer, via method 2 or 3, might also give reasonable results .
However, for a thick granular layer under a thin HMA, the use of method 1
(subdividing the granular base or subbase into 2-in . (51-mm) layers) is recom-

mended. The problem with a single layer is its failure to represent the actual cas e
of decreasing modulus with depth so, no matter what modulus is assumed, it is
just impossible to get a good match with multiple layers or MICH-PAVE in both
the tensile strain at the bottom of HMA and the compressive strain at the top o f
the subgrade.

6. If the layered system is viscoelastic, the responses under a static load can be
expressed as a seven-term Dirichlet series, as indicated by Eq . 2 .49, using the fol-
lowing seven Ti values : 0 .01, 0 .03, 0 .1, 1, 10, 30, and cc seconds . The response s
under a moving load are obtained by assuming the loading to be a haversin e
function and applying Boltzmann's superposition principle to the Dirichlet series, a s
indicated by Eq. 2 .59 .

7. A direct method for analyzing viscoelastic layer systems under static loads is t o
assume the viscoelastic layer to be elastic with a modulus varying with the load -

ing time . For a given loading time, the elastic modulus is the reciprocal of th e

creep compliance at that loading time .
8. KENLAYER can be applied to layer systems with a maximum of 19 layers, eac h

being either linear elastic, nonlinear elastic, or linear viscoelastic . If the layer is linea r
elastic, the modulus is a constant, so no further work need be done to determine it s
value. If the layer is nonlinear elastic, the modulus varies with the state of stresses ; a
method of successive approximations is then applied until it converges. If the layer is
viscoelastic, elastic solutions under static loads are obtained at a specified number o f
time durations, usually 11, and then fitted with a Dirichlet series.

9. Damage analysis is based on the horizontal tensile strain at the bottom of a spec-
ified asphalt layer and the vertical compressive strain on the surface of a specifie d

layer, usually the subgrade . To determine the allowable number of repetitions t o
prevent fatigue cracking, it is necessary to know the elastic modulus of the hot-mi x

asphalt . If the hot-mix asphalt is specified as viscoelastic, its elastic modulus is not
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a constant but depends on the duration of loading and can be determined by
Eq. 3 .18 .

10. In damage analysis, each year can be divided into several periods and each peri-
od can have a number of load groups. For tandem and tridem load groups, the
allowable number of load repetitions for the first axle load is based on the tota l
strain, that for each additional axle on the difference between maximum and
minimum strains . The damage ratios for fatigue cracking and permanent defor-
mation in each season under each load group are evaluated and summed over a
year, and the one with a larger damage ratio controls the design . The reciprocal o f
the damage ratio is the design life of the pavement.

11. The results obtained by KENLAYER compare well with those from other layer -
system programs, such as ELSYM5, VESYS, and DAMA and with those from th e
windows version of MICH-PAVE using the finite-element method .

12. For thin asphalt surfaces, say less than 2 in. (51 mm) thick, the use of a single tir e
to replace the actual dual tires results in a smaller tensile strain and is unsafe fo r
the prediction of fatigue cracking.

13. The most effective way to decrease the tensile strain at the bottom of the asphal t
layer is to increase the HMA thickness or the modulus of the base course ; the mos t
effective way to decrease the compressive strain on top of the subgrade is to increas e
the thickness of the granular base and subbase or the modulus of the subgrade.

14. A sensitivity analysis of elastic layered systems indicates that the incorporatio n
of a stiff layer reduces the stresses and strains appreciably in its underlying layers ,
but, among its overlying layers, only the one lying immediately above the stif f
layer will be affected to a significant degree . For example, a strong subgrade sig -
nificantly reduces the tensile stress in the subbase but not in the asphalt layer .
However, a sensitivity analysis of nonlinear layered systems indicates that th e
above conclusion is only paritally true. A strong subgrade increases the moduli o f
base and subbase and has more effect in reducing the tensile stress and strain i n
the asphalt layer than that predicted by the linear theory .

15. The result of nonlinear analysis indicates that the modulus of the subgrade is not
affected significantly by the moduli of the base and the subbase, but the moduli of
the base and the subbase depend strongly on the modulus of the subgrade . In
pavement design, it appears reasonable to assume the base and subbase to b e
nonlinear elastic and the subgrade to be linear elastic .

PROBLEMS
Note: On the Editor screen of KENPAVE, there is an Examples menu with six example s
(LAY1 to LAY6) . It is suggested that these examples be carefully studied before you wor k
on the following problems. Either English or SI units can be used, so it is suggested tha t
some of these problems be converted to SI units and run with KENLAYER.

3.1 Solve Problem 2-2 by KENLAYER . (Hint: Use a two-layer system with two nonlinea r
layers, the same nonlinear properties, the same ZCNOL for each layer, ITENOL = 2, an d
RELAX = 1 .0) . [Answer : 0 .0534 in . ]

3.2 Solve Problem 2-4 by KENLAYER . [Answer: 0 .0251 in ., 0 .0235 in., 11 .4 psi]
3.3 Solve Problem 2-5 by KENLAYER . [Answer : 2 .065 x 10-4 , 0.0571 in .]



144 Chapter 3

	

KENLAYER Computer Program

3 .4 Solve Problem 2-6 by KENLAYER. [Answer : -7 .26 x 10 -4,1 .06 X 10-3 ]
3 .5 Figure P3 .5 shows a three-layer system under a single-wheel load . Layer 1 is linear elastic ,

layers 2 and 3 nonlinear elastic . The loading, thicknesses, and material properties ar e
shown in the figure . With the use of KENLAYER, determine the maximum tensile strai n
at the bottom of layer 1 and the maximum compressive strain at the top of layer 3 by
(a) method 1 in which layer 2 is subdivided into two layers, each 2 in . thick, and (b) metho d
2 in which layer 2 is considered as one layer and the stress at the upper quarter poin t
of layer 2 is used to determine E2. [Answer : (a) 1 .02 X 10-4 , 2 .85 X 10-4 ; (b) 1 .04 X

10-4, 2 .85 X 10 -4]

9 in .	
75 psi

El = 500,000 psi

	

v = 0.45

	

y = 145 pcf

	

8 in .

,.,„,w r

E2 = 10,000 Bas

	

v = 0.3

	

K 0 = 0 .6 y = 135 pcf

	

4 in .
W

	

v

7
Soft clay shown

	

eZ

	

y = 130 pcf
v = 0. 4
K0 = 0. 8

FIGURE P3 . 5

3.6 Figure P3 .6 shows a three-layer system under a set of dual-wheel loads . Layers 1 and 3 ar e
linear elastic, layer 2 nonlinear elastic. The loading, thicknesses, and material propertie s
are shown in the figure . The stresses at the upper quarter of layer 2 between the two
wheels are used to evaluate E2 . The maximum tensile strain at the bottom of layer 1 and
the maximum compressive strain at the top of layer 3 are determined by comparing th e
results at three locations : one under the center of one wheel, one under the edge of on e
wheel, and the other at the center between two wheels . If the actual number of repetition s

4 .5 in .

		

4.5 in .
13.5 in. —, {

75 psi 75 ps i

E l = 400,000 psi

	

v = 0 .4

	

y = 145 pcf 1 4 in .

E 2 = 8000 00.5

	

v = 0 .3

	

y = 135 pcf 8 in .
K 0 = 0 .6

E 3 = 10,000 psi

	

v = 0 .45 cc

FIGURE P3 . 6

in Figure 3 .6
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is 100 per day and the Asphalt Institute's failure criteria are used, determine the life of th e
pavement by KENLAYER . What should be the number of repetitions per day for a design
life of 20 years? [Answer : 5 .49 years, 27 .5 per day]

3 .7 Same as Problem 3-6, except that layer 2 is subdivided into four layers, each 2 in. thick, an d
the stresses at the midheight of each layer are used to determine the modulus of each
layer. [Answer: 5 .08 years, 25 .4 per day]

3 .8 For the three-layer system shown in Figure P3 .6, predict the modulus of layer 2 via Eq . 3 .28 .
Compare the modulus with that obtained by KENLAYER, using the stress point at th e
upper quarter of layer 2 between the dual, and determine the three principal stresses at
the stress point . [Answer : 28,550 versus 29,560 psi, 14 .00 psi, 1 .13 psi, -3 .08 psi]

3.9 A two-layer system is subjected to a circular load having radius of 6 in . and contact pressur e
of 75 psi . The thickness of layer 1 is 8 in . Layer 1 is viscoelastic, and layer 2 is elastic ,
with their stress–strain relationship characterized by the models shown in Figure P3 .9 .
Both layers are incompressible, with Poisson ratio 0 .5 . If the load is stationary, deter-
mine the maximum vertical displacements at 0, 0 .01, 0 .1, 1, 10, and 100 s by KENLAY-
ER. Check the displacement at 100 s by Figure 2 .17 . [Answer : 0 .0156, 0.0166, 0 .0196 ,
0 .0206, 0 .0209, 0 .0209 in . ]

ps i
E=5x10 5

5 x 105	 + T = 0.05 sec

0.5 sec

5 sec

8 in .

FIGURE P3 . 9

3.10 If the load in Problem 3-9 is moving with a duration of 0 .1 s and the number of load repe-
titions per year is 100,000, determine the life of the pavement from the Asphalt Institute' s
failure criteria . [Answer : 21 .0 years]

3.11 The pavement system and loading are the same as Example 1 (LAY1) in KENPAVE . Edi t
file LAYI .DAT via LAYERINP and rename it P311 .DAT. What is the design life if the
tandem load is repeated 200,000 times per year? Which criterion controls the design life ?
What percentage of damage is caused by maximum tensile strain at the bottom of asphalt
layer (layer 1) and what percentage by the differential tensile strain? [Answer: 19 .09 years,
83 .2%, 16 .8% ]

3.12 The pavement system and loading are the same as Example 2 (LAY2), and the load is
repeated 1000 times per year . Determine the design life based on permanent deformation
by (a) method 1, (b) method 2 with stress point at the upper third, and (c) method 3 with
PHI = 40 . Review the text file and explain why there is such a large difference in desig n
life among the three methods . [Answer : 1 .89, 24 .22, 7 .75 years]
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3 .13 The pavement system and loading are the same as Example 3 (LAY3) . The load is
repeated 60,000 times per year . What are the two design lives if the load is moving a t
durations of 0 .1 and 0.2 sec? Run both cases at the same time with NPROB = 2 .
[Answer : 11 .62, 7 .54 years]

3 .14 The pavement system and loading are the same as Example 6 (LAY6), except that th e
8-in . granular layer is subdivided into four 2-in . layers with PHI = 0. [Answer : 25 .15
years]
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STRESSES DUE TO CURLIN G

During the day, when the temperature on the top of the slab is greater than that at th e
bottom, the top tends to expand with respect to the neutral axis, while the bottom tend s
to contract . However, the weight of the slab restrains it from expansion and contrac -
tion ; thus, compressive stresses are induced at the top, tensile stresses at the bottom. At
night, when the temperature on the top of the slab is lower than that at the bottom, the
top tends to contract with respect to the bottom ; thus, tensile stresses are induced at th e
top and compressive stresses at the bottom .

Another explanation of curling stress can be made in terms of the theory of a
plate on a Winkler, or liquid, foundation . A Winkler foundation is characterized b y
a series of springs attached to the plate, as shown in Figure 4 .1 . When the tempera-
ture on the top is greater than that at the bottom, the top is longer than the botto m
and the slab curls downward . The springs at the outside edge are in compression and
push the slab up, while the springs in the interior are in tension and pull the sla b
down . As a result, the top of the slab is in compression and the bottom is in tension .
When the temperature on the top is lower than that at the bottom, the slab curls up -
ward. The exterior springs pull the slab down while the interior springs push the sla b
up, thus resulting in tension at the top and compression at the bottom . Westergaard
(1926a) developed equations for determining the curling stress in concrete pave-
ments, based on the plate theory. The equations are very complex and are not pre-
sented here .

4.1 .1

	

Bending of Infinite Plate

The difference between a beam and a plate is that the beam is stressed in only on e
direction, the plate in two directions. For stresses in two directions, the strain e, in the

147
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Longe r

'111'11' WM
(a) Downward Curlin g

FIGURE 4 . 1

Curling of slab due to temperature gradient .

(b) Upward Curlin g

x direction can be determined by the generalized Hooke's law ,

a x

	

0- y

–E v E

in which E is the elastic modulus of concrete. In this chapter, when only a Winkler
foundation is considered, E is used to denote the elastic modulus of concrete . In later
chapters involving plates on a solid foundation, the elastic modulus of concrete i s
denoted by E, to distinguish it from the elastic modulus of foundation Ef .

The first term on the right side of Eq . 4 .1 indicates the strain in the x directio n
caused by stress in the x direction; the second term indicates the strain in the x direc-
tion caused by stress in the y direction . Similarly,

~Y

	

Q x
Ey= E — v E

When the plate is bent in the x direction, E,, should be equal to 0 because the plat e
is so wide and well restrained that no strain should ever occur unless near the very
edge. Setting Eq. 4 .2 to 0 yields

a' y = VcJ

Substituting Eq . 4 .3 into Eq. 4 .1 and solving for o x gives

EE x
o_ x =

1—v2

Eq. 4 .4 indicates the stress in the bending direction, Eq . 4.3 the stress in the directio n
perpendicular to bending.

When bending occurs in both the x and y directions, as is the case for temperature
curling, the stresses in both directions must be superimposed to obtain the total stress .
The maximum stress in an infinite slab due to temperature curling can be obtained by
assuming that the slab is completely restrained in both x and y directions.

Let At be the temperature differential between the top and the bottom of th e
slab and at be the coefficient of thermal expansion of concrete . If the slab is free t o

Ex =
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FIGURE 4. 2c	 ,
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Temperature gradient in
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concrete slab .

move and the temperature at the top is greater than that at the bottom, the top will ex-
pand by a strain of at/t/2 and the bottom will contract by the same strain, as shown i n
Figure 4 .2 . If the slab is completely restrained and prevented from moving, a compres -
sive strain will result at the top and a tensile strain at the bottom . The maximum strain is

atO t
Ex = Ey =

2

From Eq . 4 .4, the stress in the x direction due to bending in the x direction i s

EatLt

2(1 – v2 )

Because Eq. 4 .6 is also the stress in the y direction due to bending in the y direction ,
from Eq. 4 .3, the stress in the x direction due to bending in the y direction i s

vEatA t

2(1 – v2 )

The total stress is the sum of Eqs . 4 .6 and 4 .7 :

Eat zX t

	

Eat4t
(Ix =

2(1 – v2)(1+v)=2(1 – v)

The preceding analysis is based on the assumption that the temperature distribution i s
linear throughout the depth of the slab . This is an approximation, because the actual
temperature distribution is nonlinear, as revealed by field measurements in Illinois
(Thompson et al ., 1987) and in Florida (Richardson and Armaghani, 1987) . Numerica l
methods were developed by Harik et al. (1994) for calculating the effect of nonlinear
gradient on curling stresses, and a closed-form solution was introduced by Mohame d
and Hansen (1997) .
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FIGURE 4 . 3
A finite slab.

4.1 .2 Curling Stresses in Finite Sla b

Figure 4 .3 shows a finite slab with lengths Lx in the x direction and Ly in the y direc-
tion . The total stress in the x direction can be expressed a s

=
CxEa t At + CyvEa tAt – Eat At

	

+ vC
x 2(1 – v2 )

	

2(1 – v 2 )

	

2(1 – v2)
(
C

x

	

y)

	

(4 .9a)

in which Cx and Cy are correction factors for a finite slab . The first term in Eq . 4 .9a i s
the stress due to bending in the x direction and the second term is the stress due t o
bending in the y direction . Similarly, the stress in the y direction i s

= Ea tAt

	

a-

	

2(1—v2)
(Cy +vCx )

Using Westergaard's analysis, Bradbury (1938) developed a simple chart for de -
termining Cx and Cy , as shown in Figure 4 .4 . The correction factor Cx depends on L x /e

LY

	

Lx

(4 .9b )

FIGURE 4 .4

L = free length or width -
of slab

	

-
= radius of relative

	

-
stiffnes s

C = stress coefficient
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1 532 4Stress correction factor for finite slab .
(After Bradbury (1938))
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and the correction factor C y depends on L y le, where t? is the radius of relative stiffness ,
defined as

_

	

Eh3

	

0.25

– 12(1 – v 2)ki

in which E is the modulus of elasticity of concrete, h is the thickness of the slab, v i s
Poisson ratio of concrete, and k is the modulus of subgrade reaction.

In all the examples presented in this chapter, a modulus of 4 x 106 psi (27 .6 GPa)
and a Poisson ratio of 0 .15 are assumed for the concrete . Equation 4 .9 gives the maxi -
mum interior stress at the center of a slab . The edge stress at the midspan of the slab
can be determined by

CEat At
0-

=

	

2

in which u may be Qx or cr y depending on whether C is Cx or Cy. Note that Eq. 4 .11 i s
the same as Eq . 4 .9 when the Poisson ratio at the edge is taken as O .

It can be seen from Figure 4 .4 that the correction factor C increases as the rati o
LIE increases, having a value of C = 1 .0 for L = 6 .7f, reaching a maximum value of
1 .084 for L = 8.5E, and then decreasing to 1 as LIE approaches infinity. That the coeffi-
cient C can have a value greater than unity may be explained by the fact that in slabs
longer than about 6 .71/ the subgrade reaction actually reverses slightly the curvatur e
that temperature curling tends to produce . However, this additional effect is relatively
minor ; the increase in stress is no more than 8 .4% compared with that based on th e
assumption of zero curvature.

Example 4 .1 :

Figure 4.5 shows a concrete slab, 25 ft (7 .62 m) long, 12 ft (3 .66 m) wide, and 8 in . (203 mm) thick ,
subjected to a temperature differential of 20°F (11 .1°C) . Assuming that k = 200 pci
(54 .2 MN/m3) and at = 5 x 10-6 in ./in./°F (9 X 10 -6 mm/mml°C), determine the maximu m
curling stress in the interior and at the edge of the slab .

Lx = 300 in .

FIGURE 4. 5

Example 4 .1 (1 in . = 25 .4 mm, 1 pci = 271 .3 kN/m3 ) .

(4 .10)

(4 .11)
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Solution: From Eq. 4.10, f = [4 x 106 x 512/(12 x 0 .9775 x 200)] 025 = 30 .57 in. (776
mm) . With L x/f = 25 x 12/30 .57 = 9 .81 and L y/f = 12 x 12/30 .57 = 4 .71, from Figure 4 .4 ,
Cx = 1 .07 and C y = 0.63 . From Eq . 4 .9a, the maximum stress in the interior is in the x direction ,
or Qx = 4 x 106 x 5 x 10-6 x 20(1 .07 + 0 .15 x 0 .63)/1 .955 = 238 psi (1 .64 MPa). From
Eq. 4 .11, the maximum stress at an edge is also in the x direction, or Qx = 1.07 X 4 X

10 6 X 5 x 10 -6 x 20/2 = 214 psi (1 .48 MPa) .

4.1 .3 Temperature Differential s

Curling stresses in concrete pavements vary with the temperature differentials
between the top and bottom of a slab . Unless actual field measurements are made, it i s
reasonable to assume a maximum temperature gradient of 2 .5 to 3 .5°F per inch of sla b
(0 .055 to 0 .077°C/mm) during the day and about half the above values at night .

In the Arlington Road Test, the maximum temperature differentials between th e
top and bottom surfaces of slabs were measured during the months of April and May,
when there was probably as much curling as at any time during the year (Teller an d

Sutherland, 1935-1943) . If the largest five measurements were averaged, the maximum
temperature differential of a 6-in . (152-mm) slab was 22°F (12 .2°C) and that of a 9-in .
(229-mm) slab was 31°F (17 .2°C) ; these values correspond to temperature gradients o f
3 .7°F/in . (0 .080°C/mm) and 3 .4°F/in. (0 .074°C/mm), respectively.

In the AASHO Road Test (HRB, 1962), temperatures were measured in a 6 .5-in .
(165-mm) slab. The temperature at a point 0 .25 in . (6 .4 mm) below the top surface of
the 6 .5-in. (165-mm) slab minus the temperature at a point 0 .5 in. (12 .7 mm) above th e
bottom surface was referred to as the standard temperature differential . The maximum
standard temperature differential for the months of June and July averaged abou t
18 .5°F (10 .2°C) when the slab curled down and -8 .8°F (-4 .9°C) when it curled up ;
these values correspond to temperature gradients of 3 .2°F/in. (0.07°C/mm) and

1 .5°F/in . (0 .03°C/mm), respectively. Temperature measurements in slabs of other thick -
nesses at the AASHO test site also showed that the temperature differential was not
proportional to the thickness of slab and that the increase in temperature differentia l
was not as rapid as the increase in thickness . Therefore, greater temperature gradient s
should be used for thinner slabs .

4.1 .4 Combined Stresses

Even though curling stresses can be quite large and can cause concrete to crack whe n
combined with loading stresses, they are usually not considered in the thickness desig n
for the following reasons :

1. Joints and steel are used to relieve and take care of curling stresses . Curling
stresses are relieved when the concrete cracks . Minute cracks will not affect the
load-carrying capacity of pavements as long as the load transfer across cracks can
be maintained .

2. When the fatigue principle is used for design, it is not practical to combine load-
ing and curling stresses . A pavement might be subjected to millions of load repe -
titions during the design period, but the number of stress reversals due to curling
is quite limited .
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3 . Curling stresses may be added to or subtracted from loading stresses to obtain th e
combined stresses. If the design is governed by the edge stress, curling stresses
should be added to loading stresses during the day but subtracted from the loading
stresses at night . Due to this compensative effect and the fact that a large number o f
heavy trucks are driven at night, it may not be critical if curling stresses are ignored .

Whether the curling stress should be considered in pavement design is quite con-
troversial . The Portland Cement Association does not consider curling stress in fatigu e
analysis, but many others indicate that it should be considered . Past experience ha s
demonstrated that more cracks appear in longer slabs because longer slabs have muc h
greater curling stress than shorter slabs. The nontraffic loop in the AASHO site did no t
have any cracks during the road test . However, when the site was surveyed after 1 6
years most of the 40-ft (12 .2-m) long slabs had cracks, but not the 15-ft (4.6-m) slabs
(Darter and Barenberg, 1977) .

In designing zero-maintenance jointed plain concrete pavements, Darter and Baren -
berg (1977) suggested the inclusion of curling stress with loading stress for fatigue analysis .
This is necessary because curling stresses are so large that, when combined with the loading
stresses, they might cause the concrete to crack even under a few repetitions . The cracking
of the slab will require proper maintenance, thus defeating the zero-maintenance concept .
If curling stresses are really so important, it is more reasonable to consider the fatigu e
damage due to loading and curling separately and then combined, similar to the analysi s
of thermal cracking in flexible pavements described in Section 11 .1 .4 .

The moisture gradient in concrete slabs also induces warping stresses . Determin-
ing the moisture gradient is difficult because it depends on a variety of factors, such a s
the ambient relative humidity at the surface, the free water in the concrete, and th e
moisture content of the subbase or subgrade . The moisture content at the top of a slab
is generally lower than that at the bottom, so the bottom of a slab is in compression ,
which compensates for the tensile stresses caused by edge loading . Furthermore, th e
moisture effect is seasonal and remains constant for a long time, thus resulting in ver y
few stress reversals and very low fatigue damage . For this reason, warping stresses due
to moisture gradient are not considered in the design of concrete pavements .

4.2

	

STRESSES AND DEFLECTIONS DUE TO LOADIN G

Three methods can be used to determine the stresses and deflections in concrete pave-
ments: closed-form formulas, influence charts, and finite-element computer programs .
The formulas originally developed by Westergaard can be applied only to a single -
wheel load with a circular, semicircular, elliptical, or semielliptical contact area. The in-
fluence charts developed by Pickett and Ray (1951) can be applied to multiple-whee l
loads of any configuration . Both methods are applicable only to a large slab on a liqui d
foundation . If the loads are applied to multiple slabs on a liquid, solid, or layer founda-
tion with load transfer across the joints, the finite-element method should be used . The
liquid foundation assumes the subgrade to be a set of independent springs . Deflection
at any given point is proportional to the force at that point and independent of th e
forces at all other points. This assumption is unrealistic and does not represent soi l
behaviors. Due to its simplicity, it was used in Westergaard's analysis. However, with
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the ever-increasing speed and storage of personal computers, it is no longer neces-
sary to assume the foundation to be a liquid with a fictitious k value . The more real-
istic solid or layer foundation can be used . The KENSLABS computer program
based on the finite-element method and the various types of foundations are pre-
sented in Chapter 5 .

4.2.1 Closed-Form Formulas

These formulas are applicable only to a very large slab with a single-wheel load applied
near the corner, in the interior of a slab at a considerable distance from any edge, an d
near the edge far from any corner .

Corner Loading The Goldbeck (1919) and Older (1924) formula is the earliest on e

for use in concrete pavement design. The formula is based on a concentrated load P
applied at the slab corner, as shown in Figure 4 .6a . When a load is applied at the corner ,
the stress in the slab is symmetrical with respect to the diagonal . For a cross section a t
a distance x from the corner, the bending moment is Px and the width of section is 2x .
When the subgrade support is neglected and the slab is considered as a cantileve r
beam, the tensile stress on top of the slab i s

	

Px _ 3P

	

(4 .12)(2x) h2

	

h2

in which cr c is the stress due to corner loading, P is the concentrated load, and h is the
thickness of the slab . Note that a-c independent of x. In other words, every cross
section, no matter how far from the corner, will have the same stress, as indicated by
Eq. 4 .12 . If the load is really a concentrated load applied at the very corner, Eq . 4 .12 i s
an exact solution, because, at a cross section near to the load, with x approaching 0, th e
subgrade reaction is very small and can be neglected .

FIGURE 4 .6

A slab subjected to corner load .

(a) Concentrated Load (b) Circular Load
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Figure 4.6b shows a circular load applied near the corner of a slab . Because the
section of maximum stress is not near the corner, the total subgrade reactive force i s
quite large and cannot be neglected . Westergaard (1926b) applied a method of succes-
sive approximations and obtained the formula s

2

	

( aVi) 0 .6 13P -

and

	

k~2
[1 .1 — 0 .88(aVi )

	

(4 .14)

in which 0c is the corner deflection, £ is the radius of relative stiffness, a is the contac t
radius, and k is the modulus of subgrade reaction . He also found that the maximu m
moment occurs at a distance of 2.38Vat from the corner . For a concentrated load with
a = 0, Eqs. 4 .13 and 4 .12 are identical .

Ioannides et al. (1985) applied the finite-element method to evaluate Wester-
gaard's solutions . They suggested the use of the relationships

(4.13 )

(c)072
(4 .15 )

h2

and

= k~2
[1 .205 — 0 .69` -)

	

4 .16)

in which c is the side length of a square contact area . They found that the maximum
moment occurs at a distance of 1 .80c° .32e 0 .59 from the corner . If a load is applied over a
circular area, the value of c must be selected so that the square and the circle have th e
same contact area :

c = 1 .772a

	

(4 .17)

Example 4 .2 :
Figure 4.7 shows a concrete slab subjected to a corner loading . Given k = 100 pci
(27 .2 MN/m3 ), h = 10 in . (254 mm), a = 6 in. (152 mm), and P = 10,000lb (44.5 kN), deter -
mine the maximum stress and deflection due to corner loading by Eqs . 4 .13 through 4 .16 .

FIGURE 4 . 7
Example 4 .2 (1 in . = 25 .4 mm ,
1 1b = 4 .45 N, 1 pci = 271 .3 kN/m`) .
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Solution: From Eq . 4.10, t = [4 x 10 6 x 1000/(12 x 0 .9775 X 100)] 025 = 42 .97 in. (1 .09 m) .
From Eq . 4 .13, a- = 3 x 10,000/100 x [1 — (61/42 .97)06] = 186 .6 psi (1 .29 MPa) . From
Eq. 4.14, = 10,000/(100 x 1846.4)[1 .1 — 0.88(6/42.97)] = 0 .0502 in . (1 .27 mm) . From
Eqs. 4 .15 and 4.17, o, = 3 x 10,000/100[1 — (1 .772 x 6/42 .97) 072] = 190 .3 psi (1 .31 MPa) ,
which is 2% larger than the value obtained from Eq . 4 .13 . From Eqs. 4 .16 and 4 .17, & = 10,000/
(100 x 1846 .4)[1 .205 — 0.69(1 .772 x 6/42 .97)] = 0.0560 in . (1 .42 mm), which is 11% greater
than the value obtained from Eq . 4 .14 .

Interior Loading The earliest formula developed by Westergaard (1926b) for th e
stress in the interior of a slab under a circular loaded area of radius a i s

u i =

	

(in+ 0.6159) (4 .18 )

in which f is the radius of relative stiffness an d

b = a

	

when a ? 1.724h (4 .19a)

b = 1/1.6a2 + h2 – 0.675h

	

when a < 1 .724h

	

(4 .19b)

For a Poisson ratio of 0.15 and in terms of base-10 logarithms, Eq . 4 .18 can be
written a s

.316P[
4cry= 0 (4 .20 )

The deflection equation due to interior loading (Westergaard, 1939) is

= 8

	

2 j1+Z~[ln( a

	

-0.673](-Y}

	

(4 .21)

Example 4.3 :

Same as Example 4.2 except that the load is applied in the interior, as shown in Figure 4 .8 .
Determine the maximum stress and deflection due to interior loading .

FIGURE 4 .8
Example 4 .3 (1 in . = 25 .4 mm, 1 lb = 4 .45 N ,
1 pci = 271 .3 kN/m') .

3( v)P -Z~
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Solution : From Eq. 4 .19b, b = \/1 .6 x 36 + 100 – 0 .675 X 10 = 5 .804 in . (147 mm) . Fro m
Eq. 4 .20, if, = 0.316 X 10,000/100 x [4 log(42.97/5 .804) + 1 .069] = 143 .7 psi (992 kPa) . The
same result is obtained if Eq . 4.18 is used. From Eq. 4 .21, D i = 10,000/(8 X 100 X 1846 .1 )
{1 + (1/27r) x [1n(6/85 .94) – 0 .673] x (6/42.97)} = 0 .0067 in . (0 .17 mm) . Compared with th e
Westergaard solutions due to corner loading, the stress due to interior loading is 77% of that due t o
corner loading, while the deflection is only 13% . This is true only when there is no load transfer
across the joint at the corner . If sufficient load transfer is provided, the stress due to corner loadin g
will be smaller than that due to interior loading but the deflection at the corner will still be greater .

Edge Loading The stress due to edge loading was presented by Westergaard (1926b,
1933, 1948) in several different papers. In his 1948 paper, he presented generalized so-
lutions for maximum stress and deflection produced by elliptical and semielliptica l

areas placed at the slab edge . Setting the length of both major and minor semiaxes o f
the ellipse to the contact radius a leads to the corresponding solutions for a circular o r
semicircular loaded area . In the case of a semicircle, its straight edge is in line with th e
edge of the slab. The results obtained from these new formulas differ significantly fro m
those of the previous formulas. According to Ioannides et al. (1985), the following
equations are the correct ones to use :

3(1 + v)P Eh3

	

4

	

1 –

	

1 .18(1 + 2v)av
(4 .22 )

InC100ka4

	

+ 1.84 –
3

v — +

	

+
2

Qe

	

=
(circle)

	

7r(3 + v)h 2

3(1 + v)P Eh 3

	

(1 +

2e

2v)a
cre

	

=
(semicircle)

	

,7r(3 + v)h2 In 100ka4) + 3
.84 –

34v
+

C
(4 .23 )

"\/2 + 1
3
2vP

	

(0 .76

	

0.4v)a l~ 1 –

	

(4 .24 )
+

(circle)

	

\/Eh k

V2 + 1 .2vP

	

(0 .323 + 0 .17v)a
(4 .25 )=A,

	

1 –
[(semicircle)

	

YEh 3k

For v = 0 .15, Eqs. 4 .22 to 4 .25 can be

o-e

	

= 0.803P P

written a s

[4 log(

	

+ 0.666(–) – 0 .0341 (4 .26 )
(circle)

	

h a

0.650

	

(4 .27 )
_
'.8°3P [41og(

a

) + 0.282( 6j) +
(semicircle)

0.4311 P
1 – 0 .82(

[

[1

	

0 .349(e)–

(4 .28 )

]

	

(4 .29)

(cAee) =

O

	

1P(semicircle)

	

k

A recent search of the archives at the Waterways Experiment Station reveale d
that, shortly before his untimely death in 1950, Westergaard had submitted a report t o
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the Corps of Engineers (authored by Skarlatos (1949), under Westergaard's supervi-
sion) in which an analytical solution of edge-load transfer was developed . This solution
was neither widely disseminated nor put into practical use. With the help of modern
computational tools, loannides and Hammons (1996) derived closed-form formulas o f
maximum stress and deflections on the unloaded side of slab, akin to those on the fre e
edge, thus constituting a complete solution of the edge-load transfer problem .

Example 4 .4 :

Same as Example 4 .2, except that the load is applied to the slab edge, as shown in Figure 4 .9 . De -
termine the maximum stress and deflection under both circular and semicircular loaded areas .

Solution: For a circular area, from Eq . 4 .26, rr e = 0.803 x 10,000/100 x [4 log(42 .97/6) +
0 .666(6/42.97) – 0 .034] = 279 .4 psi (1 .93 MPa) ; from Eq . 4 .28, De = 0.431 X 10,000/(100 x
1846 .4) X [1 – 0.82(6/42 .97)] = 0 .0207 in . (0 .525 mm) . For a semicircular area, from Eq. 4 .27 ,
Qe = 0 .803 X 10,000/100 X [4 log(42 .97/6) + 0 .282(6/42 .97) + 0 .650] = 330 .0 psi (2.28 MPa) ;
from Eq . 4 .29, D e = 0.431 x 10,000/(100 X 1846 .4) x [1 – 0.349(6/42 .97)] = 0 .0222 in . (0.564
mm). It can be seen that the maximum stress due to edge loading is greater than that due to corner
and interior loadings and that the maximum deflection due to edge loading is greater than that due
to interior loading but much smaller than that due to corner loading . The fact that both the stress
and deflection are greater under a semicircular loaded area than those under a circular area is rea -
sonable: The centroid of a semicircle is closer to the pavement edge than is that of a circle.

Dual Tires With the exception of Eqs. 4 .23, 4.25, 4 .27, and 4 .29 for a semicircular
loaded area, all of the closed-form formulas presented so far are based on a circula r
loaded area . When a load is applied over a set of dual tires, it is necessary to convert i t
into a circular area, so that the equations based on a circular loaded area can be ap-
plied . If the total load is the same but the contact area of the circle is equal to that o f
the duals, as has been frequently assumed for flexible pavements, the resulting stresse s
and deflection will be too large . Therefore, for a given total load, a much larger circula r
area should be used for rigid pavements .

Figure 4 .10 shows a set of dual tires . It has been found that satisfactory results can
be obtained if the circle has an area equal to the contact area of the duals plus the are a
between the duals, as indicated by the hatched area shown in the figure . If Pd is the load
on one tire and q is the contact pressure, the area of each tire i s

Pd
= 7r(0 .3L) 2 + (0 .4L)(0.6L) = 0.5227L 2

FIGURE 4 . 9

Example 4.4 (1 in . = 25.4 mm, 1 lb = 4.45 N,
1 pci = 271.3 kN/m3 ) .

	

t
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FIGURE 4 .1 0
Method for converting duals into a
circular area.

Pd

0 .5227q

The area of an equivalent circle i s

ira2 = 2 x 0.5227L2 + (S d — 0.6L)L = 0.4454L2 + SdL

Substituting L from Eq . 4.30 yields

Tra 2 =
0 .8521Pd

+ S
q

So the radius of contact area is

0.8521Pd + S

d(

Pd \v2

qar

	

it 0.5227q /I

Example 4 .5 :

Using Westergaard's formulas, determine the maximum stress in Examples 4 .2, 4 .3, and 4 .4 if th e
10,000-lb (44.5-kN) load is applied on a set of duals spaced at 14 in . (356 mm) on centers, a s
shown in Figure 4.11, instead of over a 6-in. (152-mm) circular area .

50001b

14 in .

	

88 .42 psi

	 ) 50001b

h = 10 in .
k = 100 pci

or

a =

L=

Pd

0 .5227q

(4 .30 )

(4 .31)

I 0 = ?
I

	

I

	

e

	n

FIGURE 4 .1 1

Example 4 .5 (1 in . = 25 .4 mm, 1 lb = 4 .45 N ,
1 pci = 271 .3 kN/m3 ) .
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Solution: With S d = 14 in . (356 mm), q = 10,000/(367r) = 88 .42 psi (610 kPa), and Pd =
5000 lb (22 .3 kN), from Eq . 4 .31 ,

a =
/0 .8521 x 5000

+
_14(	 5000	 )''2

= 7 .85 in. (199 mm )
88 .427r

	

Tr 0 .5227 X 88 .42

which is greater than the original 6 in . (152 mm) . From Eq . 4 .13, ife = 3 X 10,000/100 x
[1 – (7.85 V2/42 .97) 0.6] = 166 .8 psi (1 .15MPa), which is about 89% of the stress in Example 4 .2 .
From Eq . 4 .19b, b = V1.6 x 61 .62 + 100 – 0 .675 x 10 = 7 .34 in . (186 mm) . From Eq . 4 .20 ,
Q i = 0.316 x 10,000/100 x [4 log(42.97/7 .34) + 1 .069] = 130 .8 psi (902 kPa), which is abou t
91% of the stress in Example 4 .3 . From Eq. 4.26, Ue = 0 .803 x 10,000/100 x [4 log(42 .97/7.85) +
0 .666(7 .85/42 .97) – 0 .034] = 244 .2 psi (1 .68 MPa), which is about 87% of the stress in Example 4 .4 .

4.2.2 Influence Charts

Influence charts based on liquid foundations (Pickett and Ray, 1951) were used previ -
ously by the Portland Cement Association for rigid pavement design . The charts ar e
based on Westergaard's theory with a Poisson ratio of 0 .15 for the concrete slab . Only
charts for interior and edge loadings are available, the interior loading being used fo r
the design of airport pavements (PCA, 1955) and the edge loading for the design o f
highway pavements (PCA, 1966) .

Interior Loading Figure 4.12 shows the applications of influence charts for determin -
ing the moment at the interior of slab. The moment is at point 0 in the n direction . To
use the chart, it is necessary to determine the radius of relative stiffness f according to
Eq. 4 .10 . For example, if is 57 .1 in . (1 .45 m), the scale on the top of Figure 4 .12 is 57 . 1
in . (1 .45 m) . This scale should be used to draw the configuration of the contact area . If
the actual length of tire imprint is 22 .6 in. (574 mm), the length to be drawn on th e
influence chart is 22 .6/57 .1 or 39.6% of the length shown by the scale E . The location of
other tires is based on the same scale . By counting the number of blocks N covered b y
the tire imprints, the moment in the n direction M can be determined fro m

M =
qfZN

	

(4 .32a)
10,000

in which q is the contact pressure. The stress is determined by dividing the moment by
the section modulus :

6M
°i =-

h2
(4 .32b)

For the tire imprints shown in Figure 4 .12, the moment is under the center of th e
lower left tire in the lateral direction . If the moment in the longitudinal direction is de-
sired, the tire assembly must rotate 90° clockwise so that two of the tires lie in the zon e
of negative blocks, and the moment becomes much smaller .

Figure 4 .13 shows the influence chart for deflection due to interior loading . The
chart is axisymmetric, and the blocks are formed by concentric circles and radial lines .
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FIGURE 4 .1 2

Application of influence chart for determining moment (1 in . = 25 .4 mm) .
(After Pickett and Ray (1951 ) . )

The deflection is at the center of the circles . The use of the chart is similar to that o f
Figure 4.12. After the number of blocks covered by the tire imprint are counted, th e
deflection can be determined as

0 .0005qoN
D

in which D is the modulus of rigidity :

Eh3D =
12(1 — v2)

(4 .33 )

(4.34)
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FIGURE 4 .1 3
Influence chart for deflection due to interior loading . (After Pickett and Ray (1951) .)

Example 4.6 :
Same as Example 4 .3 . Determine the maximum stress and deflection due to interior loading b y
the influence charts shown in Figures 4 .13 and 4 .14 .

Solution: With e = 42 .97 in . (1 .09 m) ; the scale at the top of Figure 4 .14 is 42 .97 in . (1 .09 m) .
The radius of contact area a = 6 in . (152 mm), or ale = 6/42 .97 = 0 .14. The number of blocks
covered by a circle with center at 0 and a radius equal to 0.14e is 148 and can be found fro m
Figure 4 .14 . From symmetry, only the blocks within one-quarter of the circle need be counte d
and the result is then multiplied by 4 . With q = 10,000/(a X 36) = 88 .42 psi (610 kPa), from
Eq . 4 .32a, M = 88.42 x (42 .97) 2 x 148/10,000 = 2416 in.-lb/in . (10.8 m-kN/m), and from
Eq . 4.32b, o f = 6 x 2416/100 = 145 .0 psi (1 .0 MPa), which checks with the 143 .7 psi (992 kPa)
obtained in Example 4 .3 . The number of blocks for deflection is 16 and can be found from
Figure 4 .13 . From Eq. 4 .34, D = 4 x 106 x 103 /(12 x 0 .9775) = 3 .41 x 108 in.-lb (38 .5 m-MN) .
From Eq . 4 .33, A, = 0.0005 x 88 .42 x (42 .97) 4 x 16/(3 .41 X 108) = 0 .0071 in . (0 .18 mm) ,
which checks with the 0 .0067 in . (0.17 mm) obtained in Example 4 .3 .



4.2 Stresses and Deflections Due to Loading

	

16 3

FIGURE 4 .1 4

Influence chart for moment due to interior loading. (After Pickett and Ray (1951) .)

Edge Loading Figures 4 .15 and 4.16 show the influence charts for moment an d
deflection at point 0 on the edge of slab. The use of the charts is similar to the case o f
interior loading and the same formulas, Eqs . 4 .32 to 4 .34, apply.

Example 4.7 :

Same as Example 4.4 . Determine the maximum stress and deflection due to the circular loade d
area tangent to the pavement edge .

Solution: By drawing a circle tangent to the edge at point 0 with a radius of 0 .14E, the num-
ber of blocks is 282 for moment and 46 for deflection. Because the stress and deflection are pro -
portional to N, from Example 4 .6, 6e = 145 .0 x 282/148 = 276 .3 psi (1 .91 MPa), which checks
with the 279 .4 psi (1 .93 MPa) obtained in Example 4 .4, and D e = 0 .0071 x 46/16 = 0 .0204 in .
(0 .518 mm), which checks with the 0 .0207 in. (0 .525 mm) in Example 4 .4 .
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FIGURE 4 .1 5

Influence chart for moment due to edge loading . (After Pickett and Ray (1951) . )

4.3

	

STRESSES DUE TO FRICTIO N

The friction between a concrete slab and its foundation causes tensile stresses in the
concrete, in the steel reinforcements, if any, and in the tie bars. For plain concrete pave -
ments, the spacing between contraction joints must be so chosen that the stresses du e
to friction will not cause the concrete to crack . For longer joint spacings, steel rein-
forcements must be provided to take care of the stresses caused by friction . The num -
ber of tie bars required is also controlled by the friction . Figure 4 .17 shows the
arrangement of joints and steel in concrete pavements .
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4.3.1 Effect of Volume Change on Concret e

The volume change caused by the variation of temperature and moisture has two im -
portant effects on concrete. First, it induces tensile stresses and causes the concrete t o
crack. Second, it causes the joint to open and decreases the efficiency of load transfer .

Concrete Stress Figure 4.18 shows a concrete pavement subject to a decrease i n
temperature . Due to symmetry, the slab tends to move from both ends toward the cen -
ter, but the subgrade prevents it from moving ; thus, frictional stresses are develope d
between the slab and the subgrade . The amount of friction depends on the relative
movement, being zero at the center where no movement occurs and maximum at som e
distance from the center where the movement is fully mobilized, as shown in Figure 4 .18b .
For practical purposes, an average coefficient of friction fa may be assumed . The tensile
stress in the concrete is greatest at the center and can be determined by equating the

6

Influence chart for deflection du e
to edge loading . (After Pickett and
Ray (1951) )

FIGURE 4 .16
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Plane of
symmetry

oc h

F F F F F
Frictional stress

(a) Free Body Diagram

Center of slab

FIGURE 4 .1 8

Stresses due to friction . (b) Variation of Frictional Stress

frictional force per unit width of slab, y chLfal2, to the tensile force o c h, as shown in
Figure 4 .18a :

Yc Lfa
cr`= 2

in which oc is the stress in the concrete, yc is the unit weight of the concrete, L is the
length of the slab, and fa is the average coefficient of friction between slab and
subgrade, usually taken as 1 .5 . Equation 4 .35 implies that the stress in the concrete du e
to friction is independent of the slab thickness .

Example 4 .8 :

Given a concrete pavement with a joint spacing of 25 ft (7 .6 m) and a coefficient of friction o f
1 .5, as shown in Figure 4 .19, determine the stress in concrete due to friction .

25 ft

u
F F F F F -4—_ —

	

- .—>... --)..-
f = 1 .5

Solution : With y c = 150 pcf = 0 .0868 pci (23 .6 kN/m'), L = 25 ft = 300 in . (7 .6 m), and
fa = 1 .5, from Eq . 4.35, cc = 0.0868 x 300 X 1 .5/2 = 19 .5 psi (135 kPa) .

The tensile strength of concrete ranges from 3 to 5 , where f ', is the compressive
strength of concrete (Winter and Nilson, 1979) . If f = 3000 psi (13 .8 MPa), the tensile strength
is from 164 to 274 psi (1 .13 to 1 .89 MPa), which is much greater than the tensile stress of 19 .5 ps i

(4 .35 )(4 .35 )

FIGURE 4 .1 9
Example 4 .8 (1 ft = 0 .305 m) .
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(135 kPa) . Therefore, it does not appear that joint spacings in plain concrete pavements ar e
dictated by the concrete stress due to friction .

Joint Opening The spacing of joints in plain concrete pavements depends more on the
shrinkage characteristics of the concrete rather than on the stress in the concrete . Longer
joint spacings cause the joint to open wider and decrease the efficiency of load transfer .
The opening of a joint can be computed approximately by (Darter and Barenberg, 1977 )

AL = CL(at4T +

	

(4 .36)

in which AL is the joint opening caused by temperature change and drying shrinkag e
of concrete ; at is the coefficient of thermal expansion of concrete, generally 5 t o
6 x 10 -6/°F (9 to 10 .8 x 10 -6/°C); e is the drying shrinkage coefficient of concrete, ap-
proximately 0 .5 to 2 .5 x 10-4; L is the joint spacing or slab length ; AT is the tempera-
ture range, which is the temperature at placement minus the lowest mean monthl y
temperature ; and C is the adjustment factor due to slab-subbase friction, 0 .65 for stabi-
lized base and 0 .8 for granular subbase.

Example 4 .9 :

Given AT = 60°F (33°C), a t = 5 .5 x 106/°F (9 .9 x 10_S/°C), e = 1 .0 X 10-4 , C = 0 .65, and
the allowable joint openings for undoweled and doweled joints are 0 .05 and 0.25 in . (1 .3 and 6 . 4
mm), respectively, determine the maximum allowable joint spacing .

Solution: From Eq . 4 .36, L = AL/[C(a t 1T + e)] = OL/[0 .65(5 .5 X 10-6 x 60 + 0.0001) ]
= AL/0 .00028 . For the undoweled joint, L = 0.05/0 .00028 = 178 .6 in. = 14 .9 ft(4.5 m) . For th e
doweled joint, L = 0 .25/0.00028 = 892 .9 in. = 74 .4 ft(22 .7 m) .

4.3 .2 Steel Stress

Steel is used in concrete pavements as reinforcements, tie bars, and dowel bars . The design
of longitudinal and transverse reinforcements and of the tie bars across longitudinal joint s
is based on the stresses due to friction and is presented in this section . The design of dowe l
bars is not based on the stresses due to friction and is presented in Section 4 .4 .1 .

Reinforcements Wire fabric or bar mats may be used in concrete slabs for control o f
temperature cracking . These reinforcements do not increase the structural capacity o f
the slab but are used for two purposes : to increase the joint spacing and to tie the
cracked concrete together and maintain load transfers through aggregate interlock.
When steel reinforcements are used, it is assumed that all tensile stresses are taken b y
the steel alone, so cr°h in Figure 4 .18a must be replaced by A sfs , and Eq. 4 .35 become s

A S =
y°hLfa

	

(4 .37 )
2fs

in which A s is the area of steel required per unit width and fs is the allowable stress in
steel . Equation 4 .37 indicates that the amount of steel required is proportional to th e
length of slab .
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TABLE 4 .1 Yield Strength and Allowable Stress for Steel

Type and grade of steel Yield strength (psi) Allowable stress (psi )

Billet steel, intermediate grade 40,000 27,000
Rail steel or hard grade of billet steel 50,000 33,000
Rail steel, special grade 60,000 40,000
Billet steel, 60,000 psi minimum yield 60,000 40,000
Cold drawn wire (smooth) 65,000 43,000
Cold drawn wire (deformed) 70,000 46,000

Note. 1 psi = 6 .9 kPa.

The steel is usually placed at the middepth of the slab and discontinued at th e
joint . The amount of steel obtained from Eq. 4 .37 is at the center of the slab and can be
reduced toward the end . However, in actual practice the same amount of steel is use d
throughout the length of the slab.

Table 4 .1 gives the allowable stress for different types and grades of steel . The al-
lowable stress is generally taken as two-thirds of the yield strength . Table 4 .2 shows th e
weight and dimensions of reinforcing bars and Table 4 .3 shows those of welded wir e
fabric.

Welded wire fabric is prefabricated reinforcement consisting of parallel series o f
high-strength, cold-drawn wires welded together in square or rectangular grids . The
spacings and sizes of wires are identified by "style ." A typical style designation i s
6 x 12 — W8 x W6, in which the spacing of longitudinal wires is 6 in . (152 mm), the
spacing of transverse wires is 12 in . (305 mm), the size of longitudinal wire is W8 with a
cross-sectional area of 0 .08 in . 2 (51 .6 mm2 ), and the size of transverse wires is W6 wit h
a cross sectional area of 0 .06 in. 2 (38.7 mm2 ) . The typical style with deformed welded
wire fabric is 6 x 12 — D8 X D6. The following standard practices on wire sizes, spac-
ings, laps, and clearances are recommended by the Wire Reinforcement Institut e
(WRI, 1975) :

TABLE 4.2 Weights and Dimensions of Standard Reinforcing Bars

Nominal dimensions, round section s

Bar size Weight Diameter Cross-sectional Perimete r
designation (lb/ft) (in .) area (in . 2 ) (in .)

No.3 0 .376 0 .375 0.11 1 .17 8
No.4 0.668 0 .500 0.20 1 .57 1
No. 5 1 .043 0 .625 0 .31 1 .96 3
No.6 1 .502 0 .750 0 .44 2 .35 6
No.7 2.044 0 .875 0 .60 2 .74 9
No.8 2.670 1 .000 0 .79 3 .142
No. 9 3.400 1 .128 1 .00 3 .54 4
No. 10 4.303 1 .270 1 .27 3 .99 0
No .11 5.313 1 .410 1 .56 4 .430

Note . 1 in . = 25 .4 mm, 1 lb = 4 .45 N, 1 ft = 0 .305 m .
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TABLE 4.3

	

Weights and Dimensions of Welded Wire Fabric

Wire size no .
Cross-sectional area (in. 2/ft )
center-to-center spacing (in . )

Diameter
(in .)

Weight
lb/ftSmooth Deformed 2 3 4 6 8 10 12

W31 D31 0.628 1 .054 1 .86 1 .24 .93 .62 .465 .372 .3 1
W30 D30 0.618 1 .020 1 .80 1 .20 .90 .60 .45 .36 .30
W28 D28 0.597 .952 1 .68 1 .12 .84 .56 .42 .336 .28
W26 D26 0.575 .934 1 .56 1 .04 .78 .52 .39 .312 .26
W24 D24 0 .553 .816 1 .44 .96 .72 .48 .36 .288 .24

W22 D22 0.529 .748 1 .32 .88 .66 .44 .33 .264 .22
W20 D20 0.504 .680 1 .20 .80 .60 .40 .30 .24 .20
W18 D18 0.478 .612 1 .08 .72 .54 .36 .27 .216 .18
W16 D16 0.451 .544 .96 .64 .48 .32 .24 .192 .16
W14 D14 0.422 .476 .84 .56 .42 .28 .21 .168 .14

W12 D12 0.390 .408 .72 .48 .36 .24 .18 .144 .12
W11 D11 0 .374 .374 .66 .44 .33 .22 .165 .132 .1 1
W10 .5 0 .366 .357 .63 .42 .315 .21 .157 .126 .10 5
W10 D10 0 .356 .340 .60 .40 .30 .20 .15 .12 .1 0
W9 .5 0 .348 .323 .57 .38 .285 .19 .142 .114 .09 5

W9 D9 0 .338 .306 .54 .36 .27 .18 .135 .108 .09
W8 .5 0 .329 .289 .51 .34 .255 .17 .127 .102 .08 5
W8 D8 0 .319 .272 .48 .32 .24 .16 .12 .096 .0 8
W7 .5 0 .309 .255 .45 .30 .225 .15 .112 .09 .07 5
W7 D7 0 .298 .238 .42 .28 .21 .14 .105 .084 .07

W6 .5 0 .288 .221 .39 .26 .195 .13 .097 .078 .06 5
W6 D6 0 .276 .204 .36 .24 .18 .12 .09 .072 .06
W5 .5 0 .264 .187 .33 .22 .165 .11 .082 .066 .05 5
W5 D5 0 .252 .170 .30 .20 .15 .10 .075 .06 .0 5
W4 .5 0 .240 .153 .27 .18 .135 .09 .067 .054 .04 5
W4 D4 0 .225 .136 .24 .16 .12 .08 .06 .048 .04

Note . Wire sizes other than those listed above may be produced provided the quantity required is sufficient to justify manufacture .
1 in. = 25 .4 mm, 1 lb = 4 .45 N, 1 ft = 0 .305 m .
Source . After WRI (1975) .

1. Because the fabric is subjected to bending stresses as well as tensile stresses at cracks,
neither the longitudinal nor the transverse wires should be less than W4 or D4 .

2. To provide generous opening between wires to permit placement and vibratio n
of concrete, the minimum spacing between wires should not be less than 4 in . (102
mm). The maximum spacing should not be greater than 12 in. (305 mm) between
longitudinal wires and 24 in . (610 mm) between transverse wires .

3. Because the dimensions of a concrete slab are usually greater than those of th e
welded wire fabric, the fabric should be installed with end and side laps . The end
lap should be about 30 times the longitudinal wire diameter but not less than 1 2
in. (305 mm) . The side laps should be about 20 times the transverse wire diamete r
but not less than 6 in. (152 mm) .

4. The fabric should extend to about 2 in . (51 mm) but not more than 6 in . (152 mm)
from the slab edges. The depth from the top of slab should not be less than 2 .5 in .
(64 mm) or more than middepth .
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Example 4 .10 :

Determine the wire fabric required for a two-lane concrete pavement, 8 in . (203 mm) thick, 60 ft
(18 .3 m) long, and 24 ft (7 .3 m) wide, with a longitudinal joint at the center, as shown in Figure 4 .20 .

h = 8 in .

2

~_

	

Style o f
fabric ?wire=____

Ammmm wammmm.pmmmm.

4 ft

FIGURE 4 .2 0
Example 4.10 (1 in . = 25.4 mm,
1 ft = 0.305 m) .

Solution: With y,, = 0 .0868 pci (23 .6 kN/m3 ), h e = 8 in . (203 mm), L = 60 ft = 720 in. (18 . 3
m), fa = 1 .5, and fs = 43,000 psi (297 MPa), from Eq. 4.37, the required longitudinal steel i s
A S = 0 .0868 x 8 x 720 x 1 .5/(2 x 43,000) = 0 .00872 in.2/in . = 0 .105 in. 2/ft (222 mm 2/m) . The
required transverse steel is A S = 0 .0868 X 8 x 24 x 12 X 1 .5/(2 x 43,000) = 0 .0034 9
in . 2/in. = 0 .042 in . 2 /ft (88 .9 mm2 /m) . From Table 4.3, use 6 x 12 – W5 .5 X W4.5 with cross-
sectional areas of 0 .11 in .2 (71 mm 2 ) for longitudinal wires and 0 .045 in .2 (29 mm2 ) for trans-
verse wires .

If the concrete pavement is used for a four-lane highway with all four slabs tied together a t
the three longitudinal joints, the transverse reinforcements in the two inside lanes should b e
doubled, because the length L in Eq . 4 .37 should be 48 ft (14.6 m) instead of 24 ft (7 .3 m) .

Tie Bars Tie bars are placed along the longitudinal joint to tie the two slabs togethe r
so that the joint will be tightly closed and the load transfer across the joint can b e
ensured . The amount of steel required for tie bars can be determined in the same way
as the longitudinal or transverse reinforcements by slightly modifying Eq . 4 .37 :

(4 .38 )

in which A S is the area of steel required per unit length of slab and L' is the distanc e
from the longitudinal joint to the free edge where no tie bars exist . For two- or three -
lane highways, L' is the lane width . If tie bars are used in all three longitudinal joints o f
a four-lane highway, L' is equal to the lane width for the two outer joints and twice th e
lane width for the inner joint.

The length of tie bars is governed by the allowable bond stress . For deformed
bars, an allowable bond stress of 350 psi (2 .4 MPa) may be assumed . The length of bar

ychL'fa
A =S

	

f
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should be based on the full strength of the bar, namely,

= 2)

	

(4.39 )
iu,l o

in which t is the length of the tie bar, µ is\the allowable bond stress, A t is the area o f
one bar, and Eo is the bar perimeter. For a given bar diameter d, A l = ird 2/4 and
Eo = 7rd, so Eq . 4 .39 can be simplified to

t= 2 ( f )

	

(4 .40)

The length t should be increased by 3 in. (76 mm) for misalignment.
It should be noted that many agencies use a standard tie-bar design to simplify

the construction. Tie bars 0 .5 in . (13 mm) in diameter by 36 in . (914 mm) long spaced a t
intervals of 30 to 40 in . (762 to 1016 mm) are most commonly used.

Example 4 .11 :

Same pavement as Example 4 .10 . Determine the diameter, spacing, and length of the tie bars re -
quired, as shown in Figure 4 .21 .

h=8in .

1111111111

	

I 2
Diameter, spacing and length "i
of tie bars ?

4 ft

FIGURE 4.2 1
Example 4.11 (1 in . = 25 .4 mm,
1 ft = 0 .305 m) .

Solution: Assume fs = 27,000 psi (186 MPa) for billet steel (see Table 4 .1) . With L' = 1 2
ft = 144 in. (3 .66 m), from Eq . 4 .38, A S = 0 .0868 X 8 x 144 x 1 .5/27,000 = 0.00556 in . 2/in .
If No . 4 (0 .5 in . or 1 .2 mm) bars are used, from Table 4.2, the cross-sectional area of one bar i s
0 .2 in .2 (129 mm 2 ) . The spacing of the bar = 0.2/0.00556 = 36 in . (914 mm) .

Assume that µ = 350 psi (24 MPa), from Eq . 4 .40, t = 0.5 X 27,000 x 0 .5/350 = 19 .3 in .
(353 mm). After adding 3 in . (76 mm), t = 19 .3 + 3 = 22.3 in . (use 24 in. or 610 mm) . The design
selected is No. 4 deformed bars, 24 in . (610 mm) long and 3 ft (0 .9 m) on centers.

4.4

	

DESIGN OF DOWELS AND JOINT S

The design of dowels and joints is mostly based on experience, although some theoretica l
methods on the design of dowels are available . The size of dowels to be used depends on
the thickness of slab . Table 4 .4 shows the size and length of dowels for different sla b
thicknesses as recommended by PCA (1975) . It can be seen that the diameter of dowels i s
equal to one-eighth of the slab thickness. In a recent edition of joint design, PCA (1991 )
recommended the use of 1 .25 in . (32 mm) diameter dowels for highway pavements les s
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TABLE 4 .4 Recommended Dowel Size and Length

Slab thickness Dowel diameter Dowel length
(in .) (in.) (in .)

5 s 1 2

6 1 4

7 7 1 4
8 1 1 4
9 1 1 6

10 11 1 8

11 18 1 8

12 1z 20

Note. All dowels spaced at 12 in . on centers, 1 in . = 25 .4 mm.
Source. After PCA (1975) .

than 10 in . (254 mm) thick and 1 .5 in . (38 mm) diameter dowels for pavements 10 in .
(254 mm) thick or greater . A minimum dowel diameter of 1 .25 to 1 .5 in. (32 to 38 mm )
is needed to control faulting by reducing the bearing stress in concrete .

4.4.1 Design of Dowel s

Dowel bars are usually used across a transverse joint to transfer the loads to the ad -
joining slab . The stress and deflection at the joint are much smaller when the loads ar e
carried by two slabs, instead of by one slab alone . The use of dowels can minimize fault-
ing and pumping which has been considered by the Portland Cement Associatio n
(PCA, 1984) as a factor for thickness design .

Allowable Bearing Stress Because concrete is much weaker than steel, the size an d
spacing of dowels required are governed by the bearing stress between dowel and con -
crete . The allowable bearing stress can be determined by Eq . 4 .41 (American Concrete
Institute, 1956),

4— d
fb =

	

3

	

lc

in which fb is the allowable bearing stress in psi, d is the dowel diameter in inches, and
f is the ultimate compressive strength of concrete .

Bearing Stress on One Dowel If the load applied to one dowel is known, the maxi -
mum bearing stress can be determined theoretically by assuming the dowel to be a
beam and the concrete to be a Winkler foundation . Using the original solution by Tim -
oshenko, Friberg (1940) indicated that the maximum deformation of concrete unde r
the dowel, as shown by yo in Figure 4 .22, can be expressed by

_ Pt(2 + /3z )
Yo —

	

3

	

(4 .42 )
4P Edld

in which yo is the deformation of the dowel at the face of the joint, Pt is the load on one
dowel, z is the joint width, Ed is Young's modulus of the dowel, Id is the moment of

(4 .41 )
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Dowel

FIGURE 4 .2 2

Dowel deformation under load .

inertia of the dowel, and /3 is the relative stiffness of a dowel embedded in concrete .
Note tha t

1 4Id
= 64

'rd (4 .43 )

and

_ d ' Kd
(4 .44 )

4EdId

in which K is the modulus of dowel support, which ranges from 300,000 to 1,500,000 pc i
(81.5 to 409 GN/m3 ), and d is the diameter of dowel . The bearing stress 1b is propor-
tional to the deformation :

KPt (2 + f3z )
~b = Kyo =

	

3

	

(4 .45 )
4,6 Edld

The bearing stress obtained from Eq . 4 .45 should compare with the allowable bearing
stress computed by Eq . 4 .41 . If the actual bearing stress is greater than allowable, then larg -
er dowel bars or smaller dowel spacing should be used . Recent studies have also shown
that the bearing stress is related to the faulting of slabs, as described in Section 12 .1 .4 . By
limiting the bearing stress, the amount of faulting can be reduced to the allowable limit .

Dowel Group Action When a load W is applied on one slab near the joint, as shown in
Figure 4.23, part of the load will be transferred to the adjacent slab through the dowel
group. If the dowels are 100% efficient, both slabs will deflect the same amount and the re -
active forces under both slabs will be the same, each equal to 0 .5W, which is also the total
shear force transferred by the dowel group . If the dowels are less than 100% efficient, as in
the case of old pavements where some dowels become loose, the reactive forces under the
loaded slab will be greater than 0 .5W, while those under the unloaded slab will be smalle r

w

z/2

FIGURE 4 .2 3

W/2
Load transfer through dowel

W/2

	

group.
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than 0 .5W. As a result, the total shear force on the dowels is smaller than 0 .5W. Therefore ,
the use of 0 .5W for the design of dowels is more conservative .

Based on Westergaard's solutions, Friberg (1940) found that the maximum nega-
tive moment for both interior and edge loadings occurs at a distance of 1 .8E from the
load, where E is the radius of relative stiffness defined by Eq . 4 .10 . When the moment i s
maximum, the shear force is equal to zero . It is therefore reasonable to assume that th e
shear in each dowel decreases inversely with the distance of the dowel from the point
of loading, being maximum for the dowel under or nearest to the point of loading an d
zero at a distance of 1 .8f . The application of the above principle for dowel design ca n
be best illustrated by the following examples .

Example 4 .12 :

Figure 4 .24 shows a concrete pavement 8 in . (203 mm) thick having a joint width of 0 .2 in . (5 . 1
mm), a modulus of subgrade reaction of 100 pci (27 kN/m 3 ), and a modulus of dowel support of
1 .5 x 10 6 pci (407 GN/m3 ) . A load of 9000 lb (40 kN) is applied over the outermost dowel at a
distance of 6 in . (152 mm) from the edge. The dowels are 4 in . (19 mm) in diameter and 12 in . (30 5
mm) on centers . Determine the maximum bearing stress between dowel and concrete .

9000 lb

6 in .

	

1 .8t = 66 in .

8 in .

	

0

	

0

	

0

	

0

	

0

	

0

N

	

o
0

FIGURE 4 .24

Example 4 .12 (1 in . = 25.4 mm, 1 lb = 4.45 N) .

Solution: From Eq. 4 .10, ' = [4 x 106 x 512/(12 x 0 .9775 x 100)] 025 = 36 .35 in . (427
mm). If the dowel directly under the load is subjected to a shear force Pt , the forces on the dow-
els within a distance of 1 .8f, or 66 in . (1 .68 m), can be determined by assuming a straight-lin e
variation, as shown in Figure 4 .24 . The sum of the forces on all dowels is 3 .27Pt , which must be
equal to one-half of the applied load based on 100% joint efficiency, or P t = 4500/3 .27 = 1376 lb
(6 .1 kN) . From Eq. 4.43, Id = ir(0.75) 4/64 = 0 .0155 in . 4 (6450 mm4 ) . From Eq. 4.44 ,
/3 = [1 .5 X 106 X 0 .75/(4 x 29 x 10 6 x 0.0155)] 025 = 0.889 in . (22 .6 mm) . From Eq. 4 .45 ,
Qe = 1 .5 x 106 X 1376(2 + 0 .889 x 0 .2)1(4 x 0.703 x 29 x 106 X 0 .0155) = 3556 psi (24 . 5
MPa) . For a 3000-psi (20 .7-MPa) concrete, the allowable bearing stress obtained from Eq. 4 .41 is
fb = (4 – 0 .75) X 3000/3 = 3250 psi (22 .4 MPa) . Because the actual bearing stress is abou t
10% greater than the allowable, the design is not considered satisfactory .

In this example, only the left-wheel load near the pavement edge is considered . The right -
wheel load is at least 6 ft (1 .83 m) from the left-wheel load, which is greater than 1 .8t, so the right
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wheel has no effect on the maximum force Pt on the dowel near the pavement edge . If the slab i s
thicker and stronger and the foundation is weaker, f may become much larger and both wheel s
must be considered in determining the force Pt on the most critical dowel .

Example 4 .13 :

Figure 4 .25a shows a 9 .5-in . (241-mm) slab resting on a foundation with k = 50 pci
(13 .6 MN/m3 ) . Twelve dowels at 12 in . (305 mm) on centers are placed at the joint on the 12-ft

9000 lb

	

9000 lb

6 in.

	

72 in.

9 .5 in.

	

oA 0

	

0

	

0

	

0

	

oB o

	

0

	

0

	

0

	

0

(a) Location of Loads and Dowels
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0

Factor 4ti
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e 7
0 0

(b)Dowel Forces due to Load at A

(c)Dowel Forces due to Load at B
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0
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0
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0

00
O
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N
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00

O

(d) Dowel Forces due to Both Load s

FIGURE 4 .2 5

Example 4 .13 (1 in. = 25 .4 mm, 1 lb = 4 .45 N) .
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(3 .66-m) lane. Two 9000-lb (40-kN) wheel loads are applied at points A and B . Determine the
maximum load on one dowel .

Solution: From Eq. 4 .10,E = [4 x 106 x (9 .5) 3/(12 x 0 .9775 x 50)] 025 = 49.17 in . (1 .25 m) ,
so 1 .8E = 88 in . (2.24 m) . First, consider the 9000-lb (40-kN) load at A . If the dowel at A has a
load factor of 1, the load factors at other dowels can be determined from similar triangles, a s
shown in Figure 4 .25b . The sum of these factors results in 4 .18 effective dowels, so the load car -
ried by the dowel at A is 4500/4 .18 or 1077 lb (4 .8 kN) . The loads carried by other dowels can b e
determined by proportion . Next, consider the 9000-lb (40-kN) load at B . If the dowel at B has a
load factor of 1, the load factors at other dowels can be determined from the triangular distribu -
tion, as shown in Figure 4 .25c . The sum of these factors results in 7 .08 effective dowels. Note that
the dowels on the other side of the longitudinal joint are not considered effective in carrying th e
load . The load carried by the dowel at B is 4500/7 .08 or 636 lb (2 .8 kN), and those carried by
other dowels can be determined by proportion . Figure 4 .25d shows the forces on each dowel du e
to the combined effect of both loads . It can be seen that the dowel nearest to the pavement edg e
is the most critical and should be used for design purposes . The load carried by this dowel can b e
determined directly by P P = 4500/4 .18 + 0.18 x 4500/7 .08 = 1191 lb (5 .3 kN) .

The above examples are based on the assumption that the maximum negative mo-
ment occurs at a distance of 1 .8E from the load. Recent studies by Heinrichs et al . (1989)
have shown that the maximum negative moment occurs at 1 .0E, so the load carried b y
the most critical dowel should be larger than those shown in the examples . This has been
proved by comparing the results with the KENSLABS computer program .

4.4.2 Design of Joints

Joints should be provided in concrete pavements so premature cracks due to tempera-
ture or moisture changes will not occur. There are four types of joints in common use :
contraction, expansion, construction, and longitudinal .

Contraction Joints Contraction joints are transverse joints used to relieve tensil e
stresses. The spacing of joints should be based on local experience since a change i n
coarse aggregate types may have a significant effect on the concrete thermal coeffi-
cient and consequently the acceptable joint spacing . As a rough guide, the joint spacin g
in feet for plain concrete pavements should not greatly exceed twice the slab thicknes s
in inches. For example, the maximum joint spacing for an 8-in . (203-mm) slab is 16 ft
(4 .9 m) . Also, as a general guideline, the ratio of slab width to length should not exceed
1 .25 (AASHTO,1986) .

Figure 4 .26 shows typical contraction joints . In Figure 4 .26a, a dummy groove i s
formed by placing a metal strip on the fresh concrete, which is later removed, or b y
sawing after the concrete is set . The groove is then sealed with a plastic material . If the
joint spacing is small, the load transfer across the joint can be achieved by the aggre-
gate interlock and no dowels may be needed . However, dowels are needed if the joint
spacing is large or if the short panels are located near the end of the pavement . In such
cases, the joint may open up and the load transfer through aggregate interlock may b e
lost . In lieu of a dummy groove, joints can be formed by placing a felt, asphalt ribbon ,
or asphalt board strip in the fresh concrete and leaving it there permanently, as show n
in Figure 4 .26b .
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FIGURE 4 .2 6
Typical contraction joints .

The sealant used in the joints must be capable of withstanding repeated extensio n
and compression as the temperature and moisture in the slabs change . Sealants can b e
classified as field molded and preformed . Field-molded sealants are those applied in liquid
or semiliquid form, and preformed sealants are shaped during manufacturing . Figure 4 .2 7
shows the design of joint sealant reservoir for field-molded sealants . To maintain an effec -
tive field-molded seal, the sealant reservoir must have the proper shape factor or depth-
to-width ratio. The common practice is to have the ratio between 0 .5 to 1 . Table 4 .5 shows
the reservoir dimensions for field-molded sealants, and Table 4 .6 shows the joint and
sealant widths for preformed seals as recommended by PCA (1975) .
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FIGURE 4 .2 7
Design of joint sealant reservoir (1 in . = 25.4 mm) .
(After PCA (1975) )
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TABLE 4 .5 Reservoir Dimensions for Field-Molde d
Sealants

Joint spacing Reservoir width Reservoir depth
(ft) (in.) (in. )

15 or less 1
4 minimum

20 8 z minimu m
30 1

z z minimu m
40 5 5

8 8

Note . 1 ft = 0 .305 m,1 in. = 25 .4 mm .
Source. After PCA (1975) .

TABLE 4 .6 Joint and Sealant Width for Preforme d
Seal s

Joint spacing Joint width Sealant width
(ft) (in.) (in . )

720 or less 4 1 6

30 3 5
8
7

8
340 16

1
4
750 2 8

Note. 1 ft = 0.305 m, 1 in . = 25 .4 mm.
Source. After PCA (1975) .

The preformed sealant is the type most recommended to achieve long-term perfor-
mance . Preformed sealants can do an excellent job of keeping out incompressibles over a
long period of time, but might not be completely water tight compared to the field-molde d
sealants . The preformed sealants should be so designed that the seal will always be com-
pressed at least 20% in the joint . The maximum allowable compression of the seal is
50%. Thus, the seal working range is 20 to 50% (Darter and Barenberg, 1977) .

Example 4 .14:

A concrete pavement 15 ft (4 .6 m) long is placed on a gravel subbase . If the joint width is 1 in .
(6 .4 mm), the design temperature range AT is 100°F (55 .6°C), the coefficient of thermal expan-
sion a t is 5 X 10 -6 /°F (9 X 10-6 /°C), and the drying shrinkage coefficient e is 1 .0 x 10-4 , deter-
mine the width of preformed sealant required .

Solution: From Eq . 4 .36, the joint opening due to temperature change is AL = 0.65 x
15 X 12(0 .000005 X 100 + 0 .0001) = 0 .07 in . (1 .8 mm) . Try 16 or 0 .4375 in . (11 .1 mm) sealan t
installed in summer, so the joint would not be further compressed . Check maximum compressio n
of sealant : (0 .4375 — 0 .25)/0 .4375 = 0.43 < 50%, OK . Check minimum compression of sealant :
(0 .4375 — 0 .25 — 0 .07)/0 .4375 = 0 .27 > 20%, OK. Therefore, the use of >?6 in . (11.1 mm)
sealant for a a-in . (6 .4-mm) joint is satisfactory, as shown in Table 4 .6 .
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Contraction joints are usually placed at regular intervals perpendicular to the cente r
line of pavements . However, skewed joints with randomized spacings, say 13—19—18—12 f t
(4 .0—5 .8—5 .5—3.7 m), have also been used. The obtuse angle at the outside pavemen t
edge should be ahead of the joint in the direction of traffic, since that corner receive s
the greatest impact from the sudden application of wheel loads . The advantage of
skewed joints is that the right and left wheels do not arrive at the joint simultaneously ,
thus minimizing the annoyance of faulted joints . The use of randomized spacings ca n
further reduce the resonance and improve the riding comfort .

Expansion Joints Expansion joints are transverse joints for the relief of compressiv e
stress. Because expansion joints are difficult to maintain and susceptible to pumping ,
they are no longer in use today except at the connection between pavement and struc-
ture . Experience has shown that the blowups of concrete pavements are related to a
certain source and type of coarse aggregates. If proper precaution is exercised i n
selecting the aggregates, distress due to blowups can be minimized . The plastic flow o f
concrete can gradually relieve compressive stress, if any, so it is not necessary to install
an expansion joint except at bridge ends .

Figure 4 .28 shows a typical expansion joint . The minimum width of joint is 4 in .
(19 mm). Smooth dowel bars lubricated at least on one side must be used for loa d
transfer . An expansion cap must be installed at the free end to provide space for dowel
movements . Nonextruding fillers, including fibrous and bituminous materials or cork ,
must be placed in the joint and the top sealed with a plastic material .

Construction Joints If at all possible, the transverse construction joint should be place d
at the location of the contraction joint, as shown by the butt joint in Figure 4 .29a. If the
work must stop due to an emergency or machine breakdown, the key joint shown in
Figure 4 .29b may be used . This joint should be placed only in the middle third of a normal
joint interval . Key joints have not performed well and many failures have occurred .

Longitudinal Joints Longitudinal joints are used in highway pavements to reliev e
curling and warping stresses. Different types of longitudinal joints are used, dependin g
on whether the construction is full width or lane-at-a-time .

In the full-width construction, as shown in Figure 4.30, the most convenient typ e
is the dummy groove joint, in which tie bars are used to make certain that aggregate
interlock is maintained, as shown in Figure 4 .30a. These bars may be shoved into the
wet concrete before the final finishing and placement of the dummy groove. The joint

3/4 in . minimu m

Seal with plastic material

fixed s

	

Expansion cap

Smooth, lubricated dowel bar
FIGURE 4 .2 8

Non-extruding filler

	

Expansion joint (1 in. = 25 .4 mm) .
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Longitudinal joints for full-width construction.

FIGURE 4 .29
Construction joints.
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FIGURE 4 .3 1
Longitudinal joints for lane-at-a-tim e
construction (1 in. = 25 .4 mm) .

Groove 1/8" to 1/4" wid e
and 1" deep

can also be formed by inserting a premolded strip into the fresh concrete and leaving i t
there permanently as an integral part of the warping joint, as shown in Figure 4 .30b .
Another method is to install deformed steel plates and tie bars at the center line befor e
the pour of concrete, as shown in Figure 4 .30c .

Lane-at-a-time construction is used when it is necessary to maintain traffic on th e
other lane . To insure load transfer, key joints are usually used, as shown in Figure 4 .31 .
In most cases, the keyed joints are tied together with tie bars. However, tie bars may be
omitted if the longitudinal joint is at the interior of a multilane pavement and there i s
very little chance that the joint will be wide open .

Butt joints have also been used for lane-at-a-time construction . Current practice
prefers the use of butt joints over keyed joints because keyed joints usually do not per -
form well due to the occurrence of cracks along the key and they are also difficult to
construct with slipform paving .

SUMMARY

This chapter discusses the stresses and deflections in rigid pavements, on the basis o f

Westergaard's theory. Westergaard viewed pavement as a plate on a liquid foundation
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with full subgrade contact . Analyses based on partial contact and other types of foun-
dation are presented in Chapter 5 .

Important Points Discussed in Chapter 4

1. Curling stresses in an infinite slab are caused by the restraining effect of the sla b
and can be determined easily from Hooke's law by assuming plane strain .

2. Curling stresses in a finite slab are caused by the curling of the slab and are diffi-
cult to compute . Using Westergaard's theory, Bradbury developed a simple char t
for determining the maximum warping stress in the interior and at the edge of a
finite slab .

3. Whether curling stresses should be considered in rigid pavement design is contro-
versial . The Portland Cement Association does not consider curling stresses i n
fatigue analysis because the very few number of stress reversals does not con -
tribute to fatigue cracking and also the curling stresses may be added to or sub-
tracted from the loading stresses to neutralize the effect . Others think that curling
stresses should be combined with loading stresses, because past experience has
shown that longer slabs with greater curling stresses always result in more cracking
of the slab. A more reasonable approach is to consider the fatigue damage due t o
curling separately from that due to loading and then combine them .

4. Westergaard's closed-form formulas can be used to determine the maximum
stresses and deflections in a concrete slab due to a circular loaded area applied a t
the corner, in the interior, or near to the edge . If the load is applied over a set o f
dual tires, the formulas can still be applied by using an equivalent circular area .

5. The stresses and deflections due to interior and edge loadings can also be deter -
mined by influence charts. When influence charts are employed, the actual tir e
imprints should be used, instead of assuming the imprints to be circular areas .

6. The design of steel reinforcements and tie bars is based on the stresses due t o
friction. These steel reinforcements, such as wire fabric and bar mats, do no t
increase the structural capacity of the slab but are used to increase the joint spac -
ing and to tie the cracked concrete together to maintain load transfers throug h
aggregate interlock .

7. The design of dowels is mostly based on experience . One rule of thumb is that th e
diameter of dowel be equal to s of the slab thickness . However, a theoretica l
method is available to determine the bearing stress between dowel and concret e
and check against the allowable bearing stress .

8. Joints should be provided in concrete pavements so that premature cracks due t o
temperature or moisture changes will not occur . As a rough guide, the joint spac-
ing in feet for plain concrete pavements should not greatly exceed twice the sla b
thickness in inches, and the ratio of slab width to length should not be greater
than 1 .25. Contraction joints are usually placed at regular intervals perpendicula r
to the center line of pavements. However, skewed joints with randomized spacing s
have also been used . Expansion joints are used only at the connection betwee n
pavement and structure . Longitudinal joints are used to relieve curling and warp-
ing stresses, and different types may be used, depending on whether the construc -
tion is full width or lane-at-a-time .
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PROBLEMS

In these problems the following data are assumed: modulus of elasticity of concrete =
4 x 106 psi, Poisson ratio of concrete = 0 .15, modulus of elasticity of steel = 29 x 10 6
psi, Poisson ratio of steel = 0 .3, modulus of dowel support = 1 .5 X 106 pci, coefficient
of thermal expansion of concrete = 5 X 1 0-6 in ./in ./°F, and coefficient of friction betwee n
slab and subgrade = 1 .5 .

4.1 Determine the curling stresses in an 8-in . slab during the day under a temperature gradi-
ent of 3°F per inch of slab for the following two cases : (a) at an interior point and at an
edge point of an infinite slab, and (b) at points A, B, and C in a finite slab, as shown in
Figure P4 .1 . The modulus of subgrade reaction is assumed to be 50 pci . [Answer : (a) 282 . 4
and 240 psi, (b) 211 .4, 198 .0, and 57 .6 psi]

20 ft

h=bin .
k = 50 pc i

c

	

x A

B
x

FIGURE P4 .1

	

lO ft

4.2 A concrete slab 10 in . thick is supported by a subgrade whose modulus of subgrade reac-
tion is 200 pci . A 12,000-lb dual-wheel load (each wheel 60001b) spaced at 14 in . on center s
is applied at the corner of the slab, as shown in Figure P4 .2 . The contact pressure is 80 psi.
Determine the maximum stress in the concrete by Westergaard's equation with equivalent
contact area . [Answer : 172 .8 psi]

h=10in .
k = 200 pc i

• 6000 lb
• 80 ps i

• 6000 lb

4.3 The pavement and loading are the same as in Problem 4.2, but the load is applied in th e
interior of an infinite slab, as shown in Figure P4 .3 . Determine the maximum stress in th e
concrete by (a) Westergaard's equation with equivalent contact area and (b) influence
chart using dual tires . [Answer : 139 .7 psi by equivalent area]

12 f1

14 in.

FIGURE P4 .2
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h = 10 in .

	

k = 200 pci

FIGURE P4 . 3

) 6000 lb
14 in .

4.4 Same as Problem 4-3, except that the load is applied on the slab edge, as shown in Figure P4 .4.
[Answer : 252 .5 psi by equivalent area]

FIGURE 4 . 4

4 .5 In Figure 4 .12, what is the radius of relative stiffness of the pavement? If the thickness of sla b
is 11 in . and the contact pressure is 100 psi, determine the maximum stress due to the four tire s
under the center of one tire in the transverse, or n, direction. Estimate the maximum stress in
the longitudinal direction under the center of one tire . [Answer: 57 in ., 470 psi, 420 psi ]

4 .6 Figure P4 .6 shows a set of dual-tandem wheels with a total weight of 40,000 lb (10,000 l b
per wheel), a tire pressure of 100 psi, a dual spacing of 20 in ., and a tandem spacing of 4 0
in . The concrete slab is 8 in . thick, and the modulus of subgrade reaction is 100 pci .
Determine the interior stress in the y direction at point A under the center of the dual tan-
dem wheels . [Answer : 279 psi]

FIGURE 4.6
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4 .7 Same as Problem 4-6, except that the outside wheels are applied at the slab edge, as show n
in Figure P4 .7 . Compute the edge stress at point A in an infinitely large slab by influence
charts . [Answer : 317 psi]

FIGURE P4 .7

h = 8 in .

	

k = 100 pc i

40 in .

C) 100 psi

4.8 A concrete slab, 40 ft long, 11 ft wide, and 9 in . thick, is placed on a subgrade having a modu -
lus of subgrade reaction of 200 pci . A 9000-lb single-wheel load is applied on the edge of the
slab over a circular area with a contact pressure of 100 psi, as shown in Figure P4 .8 . Compute
(a) the curling stress at the edge during the night when the temperature differential is 1 .5°F
per inch of slab, (b) the loading stress due to the 9000-lb wheel load, and (c) the combine d
stress at the edge beneath the load due to (a) and (b) . [Answer : 140 .4, 290 .3, 149 .9 psi]

4U It

h = 9in .

	

k = 200 pci

	

At = +13 .5°F

100 psi 1
9000 lb

n

1 ft

FIGURE P4.8
-4

Qe due to combined curling and loading ?

4.9 If the pavement in Problem 4-8 is one lane of a two-lane highway, as shown in Figure P4 .9 ,
design the welded wire fabric and tie bars. [Answer : area of fabric 0.0785 and
0 .0432 in .2/ft, in . tie bars, 2 ft long and 3 ft on centers]

h=9in .

	

k=200pci

1E Design of wire fabric ?

1

IIIIIIIIIIII I
Design of tie bars ?

FIGURE P4.9

1 f t

1 ft
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4.10 Develop a design chart for required area of temperature steel in terms of the thicknes s
and length of slab, assuming an allowable tensile stress of 40,000 psi . [Answer : for 100-ft
slab, steel areas are 0 .1406, 0 .1874, 0 .2343, and 0 .2812 in . 2 for slab thicknesses of 6, 8, 10 ,
and 12 in., respectively ]

4.11 A concrete slab has a width of 12 ft, a thickness of 10 in., and a modulus of subgrade reac-
tion of 300 pci . A 24,000-lb axle load with a wheel spacing of 6 ft is applied at the joint, wit h
one wheel 6 in . from the edge, as shown in Figure P4 .11 . Determine the maximum bearin g
stress between concrete and dowel, assuming 100% load transfer, 0 .25-in . joint opening ,
and 1-in . dowel bars at 12 in . on centers . The maximum negative moment is assumed t o
occur at a distance of 1 .8E from the load, where f is the radius of relative stiffness .
[Answer : 3160 psi]

h=10in.

k = 300 pci

	

12,000 l b

1 in . dowels
N N

U 1.
NN

12,000 lb N,

0 .25 in . -,-1 k-t

	

FIGURE P4 .1 1

4.12 Repeat Problem 4-11 by assuming that the maximum negative moment occurs at a dis-
tance of 1 .04 from the load. [Answer : 4935 psi ]

4.13 Same as Problem 4-11, except that one of the 12,000-lb wheels is placed 2 .5 ft from th e
edge, as shown in Figure P4 .13 . [Answer: 2147 psi]

II
~

0 .25 in .

	

k-

	

FIGURE P4 .1 3

4 .14 Repeat Problem 4-13 by assuming that the maximum negative moment occurs at a dis-
tance of 1 .0? from the load . [Answer : 3206 psi]
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THEORETICAL DEVELOPMENTS

The KENSLABS computer program (Huang, 1985) is based on the finite-elemen t
method, in which the slab is divided into rectangular finite elements with a large numbe r
of nodes . Both wheel loads and subgrade reactions are applied to the slab as vertica l
concentrated forces at the nodes .

5 .1 .1 Types of Foundation

Three different types of foundation can be assumed: liquid, solid, and layer . Wester-
gaard's theory and most of the finite-element computer programs in use today ar e
based on the liquid foundation . The use of liquid foundations results in a banded ma -
trix for the simultaneous equations and requires very little computer time to solve .
However, with the much faster speed and larger storage of personal computers, th e
more realistic solid and layer foundations should be used, if needed .

Liquid Foundation The liquid foundation is also called a Winkler foundation, with
the force–deflection relationship characterized by an elastic spring. The term "liquid "
does not mean that the foundation is a liquid with no shear strength, but simply implie s
that the deformation of the foundation under a slab is similar to that of water under a
boat . According to Archimedes' principle, the weight of the boat is equal to the weigh t
of water displaced . This is similar to the case where a slab is placed on an infinite num -
ber of springs and the total volume of displacement is proportional to the total loa d
applied. The stiffness of a liquid foundation is defined b y

k= P
w

186
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FIGURE 5 . 1

Liquid foundation under a
plate element .

in which k is the modulus of subgrade reaction ; p is the unit pressure, or force per unit
area; and w is the vertical deflection . For water, k = 62 .4 pcf = 0 .036 pci (9 .8 kN/m3 ) ;
for the subgrade, k can range from 50 to 800 pci (13 .6 to 217 MN/m3) .

Figure 5 .1 shows the replacement of the large number of springs under a rectan -
gular plate element, with a length of 2a and a width of 2b, by four identical springs a t
the corners . The force on each spring is equal to the unit pressure p multiplied by th e
area a x b . From Eq . 5.1, p = kw, so the force at node i, Fwi , is related to the deflec-
tion at node i, wi, by

Fwi = kabwi

	

(5 .2)

Equation 5 .2 can be applied directly when the node is located at the corner of a
slab. If the node is located at the edge or interior of a slab, superposition of two or four
adjoining elements is required to obtain the force—displacement relationship. Equation 5 . 2
indicates that the vertical force at node i depends only on the vertical deflection a t
node i and is independent of the deflections at all other nodes, so the stiffness matrix o f
a liquid foundation is a diagonal matrix with zero entries everywhere except thos e
relating the vertical force Fw, to the vertical deflection wi itself.

Solid Foundation A solid foundation is more realistic than a liquid foundation be -
cause the deflection at any nodal point depends not only on the force at the node itsel f
but also on the forces at all other nodes. This type of foundation is also called a Boussi-
nesq foundation, because the Boussinesq equation for surface deflection is used fo r
determining the stiffness matrix :

Pi (1 — vf )
wi,1 =

		

(5 .3 )
arEfdi,1

In this equation, is the deflection at node i due to a force at node j, Pi is the force a t
node j, o f is Poisson ratio of the foundation, Ef is the elastic modulus of the foundation ,
and d, ,i is the distance between nodes i and j. The flexibility matrix of the foundation is
defined as the deflection at a given node due to the forces at all nodes, including th e
node itself. If i ~ j, the flexibility coefficient can be obtained directly from Eq . 5 .3 by
assigning Pi = 1. If i = j, then = 0, and Eq . 5 .3 cannot be applied. It is therefore
necessary to distribute the unit concentrated load over one-quarter of the area as a
uniform pressure of 1/(4ab) and then integrate numerically. A five-point Gaussia n
quadrature formula in both the x and the y directions, with the responses computed a t
25 points, as shown in Figure 5 .2, was used by KENSLABS.
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FIGURE 5 . 2
Solid foundation under a plate element .

For a total of n nodes on the foundation, the flexibility matrix of a solid founda-
tion can be written as

w l

	

g11 g12

	

gii

	

gi n

w2

	

g21 g22

	

g2i

	

g2 n

wi

	

gil

	

gi2

	

gii

	

gin

wn

	

_ gnl gn2

	

gni

	

gnn

in which gy is the flexibility coefficient. If i ~ j, then

	

can be determined b y

(1 —	 v i )
,j =

	

(5 .4b )

	

& 'j

	

7rEfdi, i

If i = j, then gii for each finite element must be integrated numerically and then su-
perimposed over all the adjoining elements . It can be seen that the flexibility matrix o f

a solid foundation is fully populated because the deflection at a given node is affected
by the force at any other node. Inversion of the flexibility matrix yields the stiffnes s
matrix of the foundation .

Layer Foundation A layer foundation is also called a Burmister foundation, becaus e
Burmister's layered theory is used to form the flexibility matrix . In Burmister's theory,
the load is distributed over a circular area, but can easily be converted to a concentrat -
ed load by letting the radius of contact approach zero, as illustrated in Section B .4 . The
procedure for a layer foundation is the same as that for a solid foundation, except tha t
the relationship between deflection and force for the layer foundation is compute d

from Eq . B.20, instead of from Eq. 5 .3 for the solid foundation. To avoid evaluating

Eq. B.20 several thousand times, the deflections at 21 different radial distances are

computed by Eq. B .20, and those at any given distance can be obtained by a three-point

interpolation formula .

(5 .4a )

.----.

1----1

sseam.me

a
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Relationships Between Solid and Liquid Foundations It is well known that the mod-
ulus of subgrade reaction k for a liquid foundation is a fictitious property not charac-
teristic of soil behaviors . However, for simplicity in application, k values have bee n
used most frequently for the design of concrete pavements . It is useful if the k value
can be related to the elastic modulus Ef and the Poisson ratio of of the solid foundation,
so that a liquid foundation can be used to replace a solid foundation, thus resulting in a
large saving of computer time and storage .

Vesic and Saxena (1974) indicated that the value of k depends on the relative flexibil-
ity of the slab with respect to the foundation and that there is no single value of k that can
give stresses and deflections in a concrete pavement comparable to those obtained by con-
sidering the foundation as an elastic solid . For computing stresses, they suggested the use o f

(EfyI3 Ef	k

	

E )1 (1 – vf)h

	

(5 .5)

in which E is the elastic modulus of concrete and h is the thickness of the slab . For comput -
ing deflections, they suggested that only 42% of the value obtained from Eq . 5 .5 be used .

Huang and Sharpe (1989) found that Eq . 5 .5 is applicable only to loads in the in -
terior of a slab and not to loads near the slab edge . For edge loading, a factor of 1 .75
must be applied to obtain the same edge stress :

l 1/3
k = 1 .75(Ef ) (1

E
f– vf)h

	

(5 .6 )

For corner loading at the transverse joint, a factor of 0.95 must be applied to Eq . 5 .5 to
obtain the same corner deflection :

(Ef~l/3

	

Ef	k=0.95 E

	

(1–vf)h

	

(5 .7 )

It should be noted that Eqs. 5 .6 and 5 .7 must be used only as a rough guide and ar e
applicable only to slabs subjected to a single-axle load .

5 .1 .2 Two Layers of Slab

KENSLABS can have two layers of slab, either bonded or unbonded . The two layers
can be an HMA on top of a PCC or a PCC over a cement-treated base . In the latter
case, the cement-treated base can be considered as the second layer of slab or the firs t
layer of the foundation . When it is considered to be the foundation, it is assumed tha t
there is no bond between the concrete slab and the foundation .

Bonded Slabs Figure 5 .3 shows a layer of hot mix asphalt with a thickness h l , an elas -
tic modulus E1 , and a Poisson ratio v i that has been placed on a concrete slab with a
thickness h2 , an elastic modulus E2 , and a Poisson ratio v2. The left figure is the original
section with a unit width, and the right figure is the equivalent section in which th e
width of hot-mix asphalt is reduced to E1 1E2 . When the moment is taken at the bottom
surface, the distance d from the neutral axis to the bottom of slab i s

d _
(Ei/E2)hi (0 .5h i + h2) + 0.5hz

(Ei1E2)hi +
h2

	

(5 .8)
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Neutra l
axis

0.5h 1 + h 2

0.5h2

Original

	

Equivalen t

FIGURE 5. 3
Original versus equivalent section of composite pavement .

The composite moment of inertia I, about the neutral axis is

I~ = (')[12
hi + h t (0 .5h 1 + h2 – d) 2~ + 12 hz + h 2(d – 0 .5h 2 ) 2 (5 .9 )

2

Given the moment M, the flexural stress fat the bottom of the concrete slab i s

f = Md

	

(5 .10)

Equation 5 .10 can also be used to determine the stress at any point in the composite
section, by considering d as the distance from that point to the neutral axis . When two
layers are bonded, KENSLABS will print the stresses at four different locations (i . e . ,
at both the top and bottom of each layer) .

Example 5 .1 :

A composite pavement with two bonded layers is subjected to a moment of 3000 in .-lb/in .
of slab (13 .4 kN-m/m) . If hi = 4 in. (102 mm), Et = 4 x 10 5 psi (2 .8 GPa), h2 = 6 in .
(152 mm), and E2 = 4 X 10 6 psi (27.6 GPa), as shown in Figure 5 .4, determine the
maximum flexural stress in tension .

	

E l = 4 x 105 psi

	

h i = 4 in .

Bonded

h 2

	

E2=4x106psi

	

=6in .
	 Fo—►

f= ?

FIGURE 5 . 4
Example 5 .1 (1 in. = 25 .4 mm, 1 lb = 4 .45 N, 1 psi = 6 .9 kPa) .

E l
E2

I

E 2

	

h 2

3000 in . -lb/in.
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Solution : Given E1 /E2 = 0 .1, from Eq. 5.8, d = [0 .1 x 4 x (0 .5 X 4 + 6) + 0 .5 x 36] /
(0 .1 X 4 + 6) = 3 .31 in . (84 mm) . From Eq . 5 .9, I, = 0.1[(4) 3/12 + 4(0 .5 X 4 + 6 – 3 .31) 2] +
(6) 3 /12 + 6(3 .31 – 0.5 X 6) 2 = 27 .91 in. 3 (4 .57 x 10 5 mm3 ) . From Eq . 5 .10, f = 3000 X 3 .31 /
27 .91 = 355 .8 psi (2.46 MPa) . If there is no asphalt overlay, d = 3 in. (76.2 mm) and

= (6) 3 /12 = 18 in . 3 (2 .95 x 105 mm 3 ), so f = 3000 x 3/18 = 500 psi (3 .45 MPa) . Note tha t
the overlay reduces the flexural stress in concrete from 500 to 355 .8 psi (3 .45 to 2 .46 MPa), or by
about 30% . This is based on the assumption that the moment is the same in both cases . In fact ,
under the same load, the moment in thicker pavements should be greater than that in thinne r
pavements, so the actual reduction caused by thicker pavement should be smaller .

In the finite-element method involving only one layer of slab, the stiffness matrix
of a plate depends on the modulus of rigidity of the plate R, defined as

El

	

Eh3
R=

	

_
1 – v2

	

12(1 – v 2 )

in which E, v, I, and h are the modulus of elasticity, Poisson ratio, moment of inertia,
and thickness of the plate . When the slabs are composed of two bonded layers, the stiff-
ness matrix of each layer is computed independently, from the respective moduli o f
rigidity, and then added together to obtain the stiffness matrix of the slabs . The modu-
lus of rigidity of each layer is computed a s

Ri

	

1
–vi

E2[12 hz + h 2(d – 0 .5h2 ) 2 ]

R 2 =
1–v22

Unbonded Slabs If there is no bond between the two layers, each layer is consid-
ered an independent slab with the same displacements at the nodes. Therefore, th e
stiffness matrix of the slabs is the sum of the stiffness matrices of the two layers .
After the displacements are determined, the moments at each node in each layer
can be computed. After the moment M in each slab is found, the flexural stress f can
be determined by

Md

f _ I

in which d is the distance from neutral axis to the top or bottom of each layer and I is
the moment of inertia of each layer .

Example 5 .2 :

Same as Example 5 .1 except that the two slabs are unbonded . The Poisson ratios are
assumed 0 .4 for HMA and 0 .15 for PCC, as shown in Figure 5 .5 .

(5 .11 )

+ hi (0 .5h i + h2 – d) 2 ]

(5 .12a )

(5 .12b)

(5 .13)
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E l = 4 x 10 5 psi

=

h l = 4 in.

= 0. 4

E 2 = 4 x 10 6 psi

V2 = 0.15
-)-

Unbonded

h,=6in.

3000 in . -lb/in .

f ?

FIGURE 5 . 5

Example 5 .2 (1 in . = 25.4 mm, 1 lb = 4.45 N, 1 psi = 6 .9 kPa) .

Solution: From Eq. 5.11, the modulus of rigidity of the asphalt layer is 4 X 105 x
(4) 3/[12 X (1 - 0 .16)] = 2 .54 x 106 in .2 -lb (7 .3 m2-kN) and that of the concrete is 4 x 10 6 x
(6) 31[12 x (1 - 0 .0225)] = 73 .7 x 106 in .2 -lb (212 m2 -kN) . Although the moments are no t
exactly proportional to the modulus of rigidity (because they are also affected slightly by th e
Poisson ratio), an approximate assumption can be made that the amount of moment carried by
each layer is proportional to the modulus of rigidity. In the asphalt layer, the moment i s
3000 x 2 .54/(2 .54 + 73 .7) = 100 in .-lb/in . of slab (445 m-N/m) and, from Eq. 5.13, the flexural
stress is 100 X 2 x 12/(4)3 = 37.5 psi (259 kPa) . In the concrete slab, the moment i s
3000 X 73 .7/(2 .54 + 73 .7) = 2900 in .-lb/in. of slab (12 .9 m-kN/m) and the flexural stress i s
2900 X 3 x 12/(6) 3 = 483 psi (3 .33 MPa) .

It can be seen that, if the hot-mix asphalt is not bonded to the concrete, it has ver y
little effect in reducing the flexural stress in the concrete . This conclusion is also base d
on the assumption that the total moment remains the same after the overlay . However ,
the total moment would in fact increase after the overlay, so the actual effect should b e
even smaller . By the use of KENSLABS computer program, it was found that a stres s
of 500 psi (3 .45 MPa) could be obtained in the 6-in. (152-mm) slab with no overlay
when the foundation had a modulus of subgrade reaction equal to 100 pc i
(27.2 MN/m 3 ) while a concentrated load equal to 2715 lb (12.1 kN) was applied in the
interior of the slab . Table 5 .1 shows the effect of the 4-in . (102-mm) asphalt overlay on
the maximum moments and tensile stresses in the concrete, as obtained b y
KENSLABS. It can be seen that the overlay increases the total moments by 5% in th e
bonded case and 1% in the unbonded case and that the decrease in concrete stress is
25% and 3%, respectively.

TABLE 5 .1 Effect of Asphalt Overlay on Moments and
Stresses in Concrete Slab

Total moment Stress in concret e

Type in.-lb/in. % psi %

No overlay 3000 100 500 100
Bonded 3162 105 375 7 5
Unbonded 3032 101 485 97

Note . 1 lb = 4 .45 N, 1 psi = 6 .9 kPa.
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5 .1 .3 General Procedures

The stiffness matrix of the slab is combined with the stiffness matrices of the founda-
tion and the joint, if any, to form the overall stiffness matrix .

Stiffness Matrix of Slab Figure 5 .6 shows a rectangular finite element with nodes i, j,
k, and 1. At each node there are three fictitious forces and three corresponding dis-
placements . The three forces are a vertical force Fw, a moment about the x axis Fo x , and
a moment about the y axis Foy . The three displacements are the vertical deflection in
the z direction w, a rotation about the x axis Ox , and a rotation about the y axis By . The
positive direction of the coordinates is shown in the figure and the positive direction o f
moments and rotations can be determined by the right-hand rule . For each element,
the forces and displacements are related b y

Fi

F./
Si

_ [Kp]e

	

8j
(5 .14a )

Fk

Fi

Sk

Si

in which [K p] e is the element stiffness matrix of a plate having dimension 12 X 12 . At
any given node,

	

Fwi

	

wi

	

Fi ° Foxi

	

b i — B xi

	

(5 .14b)

	

Foyi

	

B y i

The stiffness matrix of a slab is obtained by superimposing the element stiffnes s
matrix over all elements . By combining the stiffness matrices of slab, foundation, an d
joint and replacing the fictitious nodal forces with the statical equivalent of the exter -
nally applied wheel loads, a set of simultaneous equations is obtained for solving th e

FIGURE 5 . 6
w(FW )

	

A rectangular plate element .



194 Chapter 5

	

KENSLABS Computer Progra m

unknown nodal displacements :

[K]{S} _ {F} (5.15)

in which [K] is the overall stiffness matrix, {S} are the nodal displacements, and {F}
are the externally applied nodal forces . The overall stiffness matrix is symmetric, s o
only the upper half of the matrix need be considered . The nodal moments and stresse s
can then be computed from the nodal displacements by using the stress matrix tabulat -
ed by Zienkiewicz and Cheung (1967) . Because the stresses at a given node compute d
by means of one element are different from those obtained from the neighboring ele-
ments, the stresses in all adjoining elements are computed and their average value s
obtained .

Stiffness of Joint The stiffness of joint is represented by a shear spring constant C u„
and a moment spring constant Co, defined a s

Shear force per unit length of joint
Cw

_

Difference in deflections between two slab s

Moment per unit length of join t
Co

Difference in rotations between two slabs

It is generally agreed that load is transferred across a joint principally by shear, wit h
CB = 0 . Ball and Childs (1975) reported that some moment may be transferred
through the joints that remain closed, but moment transfer across joints with visibl e
openings is negligible .

Figure 5 .7 shows the shear transfer through a joint by aggregate interlock, as in -
dicated by a spring having a spring constant C o, . After the load is applied, the left slab
deflects an amount w 1 , and the spring pushes the right slab down a distance wr. The dif -
ference in deflection wd is equal to wl — wr .

In the finite-element method, the shear forces are concentrated at the node s
along the joint . From Eq . 5 .16,

Load

= W — W r

(a) Before loading

	

(b) After loading

FIGURE 5 . 7
Shear transfer through joint by aggregate interlock .

(5 .16 )

(5 .17)
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Fw = LCwwd

	

(5 .18)

in which Fw is the nodal force applied to both slabs through the spring and L is the
average nodal spacing at the joint. The forces Fw can then be substituted into Eq . 5 .1 5
to solve the nodal displacements.

When dowel bars are used to transmit shear, it is assumed that they are concen-
trated at the nodes. If the dowel spacing is Sb, the number of dowels at each node is
L/sb . The force Fw is divided by the number of dowels needed to obtain the force Pt on
each dowel :

(5 .19 )

A simple procedure to include the effect of dowel bars in the finite-elemen t
analysis was presented by Huang and Chou (1978) . Figure 5 .8 shows the shear transfe r
through a joint by a dowel bar . The difference in deflection wd is caused by the shear
deformation of the dowel AS and the deformation of concrete under the dowel yo :

wd =OS+2yo

The shear deformation of the dowel can be determined approximately a s

Pt z
AS=

GA

in which Pt is the shear force on one dowel bar, z is the joint width, A is the area of th e
dowel, and G is the shear modulus of the dowel, which can be determined fro m

Ed
G=

2(1+Vd )

The deformation of concrete under the dowel can be determined from the formul a

Pt (2 + /3z )
Yo =

33Ed 1d

Yo

	 tYo
L OS

FIGURE 5 . 8

Shear transfer through joint by
z

	

dowel bar.

SbFw

Pt = L

(5.20 )

(5 .21 )

(5 .22)

(4 .42)
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Substituting Eqs . 5 .21 and 4 .42 into Eq. 5 .20 yield s

	 z

	

2+(3z
wd - ~ GA + 203EdId

Pc

Substituting Eq. 5 .19 into Eq. 5 .23 and comparing with Eq . 5 .18 gives

Equation 5.24 indicates that, given the spacing and diameter of dowels and the join t
width, the shear spring constant can be determined . The above analysis is based on the
assumption that there is no gap between the spring (or dowel) and the concrete . If a
gap wg exists, then Eq . 5 .18 should be written a s

Fw = LCW (wd - wg )

	

(5 .25 )

Therefore, a term, LCwwg , should be subtracted from the force vector {F} in Eq . 5 .15 .
Because Fw = 0 when Wd < Wg , Eq. 5 .25 is valid only when Wd > Wg . Because wd
varies along the joint and it is not known whether Wd is greater than wg , a trial-and-
error method must be used if a gap exists .

Example 5 .3 :

A 10-in. (254-mm) concrete pavement has joint width 0 .2 in . (5 mm), dowel diameter 1 in .
(25.4 mm), and dowel spacing 12 in . (305 mm) . Determine the spring constant of the
joint .

Solution: Assume that K = 1.0 x 106 pci (271 GN/m 3 ) and E d = 29 x 10 6 psi (200 GPa) .
With d = 1 in. (25 .4 mm), from Eq . 4 .43, Id = 7r/64 = 0 .0491 in . 4 , and from Eq. 4 .44 ,
/3 = [1 .0 x 106 x 1/(4 x 29 x 10 6 x 0 .0491) ] 025 = 0.647 in . (16 .4mm) . Assuming that Poisson
ratio of dowel = 0.3, from Eq .5 .22, G = 0 .5 x 29 x 1 0 6 /(1 + 0.3) = 11 .2 x 10 6 psi (76.9 GPa) .
With s b = 12 in . (305mm) and z = 0 .2in . (5mm), from Eq . 5 .24 ,

1
0.2

	

2+0.647x0 .2	12
11 .2 x 106 x r + 2(0 .647) 3 x 29 x 106 x 0 .049 1

12(5 .68 x 10 -9 + 2.76 x 10-6 )

It can be seen that the term relating to the deformation of dowel is 5 .68 x 1 0-9 while that relatin g
to the deformation of concrete is 2 .76 X 1 0-6 . Therefore, the deformation of concrete actually
determines the spring constant of the joint .

Multiple Slabs Figure 5 .9 shows a four-slab system with load transfer across the
joints. For simplicity, only a limited number of finite elements is used . Slab 1 is divided
into four rectangular elements, slabs 2 and 3 are divided into two elements each, an d

(5 .23 )

1
Cw = (5.24)

(	
z

+

2+/3z

SbGA 203EdId

C,c =

1
= 3 .01 x 10 4 psi (279 MPa)
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slab 4 is considered as one element . The slabs are numbered consecutively from bot -
tom to top and from left to right . Starting from slab 1, the nodes are also numbered
from bottom to top and from left to right and continue to the next slab.

The stiffness matrix of the slab is a banded matrix, because the forces at one nod e
are affected by the displacements at another node only when the two nodes are locat -
ed in the same element . For the system shown in Figure 5.9, the maximum differenc e
between the two nodal numbers in the same element is 4 and each node has three de -
grees of freedom, so the minimum half-band width required is (4 + 1) x 3 = 15. If
the slabs are placed on liquid foundation with no load transfer across the joints, a half -
band width of 15 is sufficient. The use of a small half-band width is highly desirable be -
cause it reduces both the computer time and storage in solving the simultaneou s
equations . If there is shear transfer across the joint, the maximum difference betwee n
the two nodes on the opposite side of a joint is 9, so that minimum half-band widt h
required is (9 + 1) x 3 = 30 . If the slabs are placed on a solid or layer foundation, the
stiffness matrix is fully populated and so has a half-band width of 75 .

The procedure for computing the stiffness matrix of solid and layer foundation s
was described previously for a single slab . For multiple slabs, it is necessary to distrib-
ute the stiffness over those nodes meeting at the same point . Take Figure 5 .9 for exam-
ple. Although there are 25 nodes on the slab, only 16 nodes exist on the foundation ,
because many of the nodes, such as 9, 14, 18, and 22, are actually located at the same
point and should be considered as one node . Therefore, the flexibility matrix of the
foundation has dimension 16 x 16 . After inversion, the 16 X 16 stiffness matrix mus t
be enlarged to a 25 x 25 matrix by distributing the stiffness to all nodes sharing th e
same point . For instance, the stiffness entry (3, 9) is evenly divided among (3, 9), (3, 14) ,
(3, 18), (3, 22), (10, 9), (10, 14), (10, 18), and (10, 22) ; the stiffness entry (9, 9) is evenly
divided among (9, 9), (14, 14), (18, 18), and (22, 22) ; and the stiffness entry (3, 21) i s
evenly divided among (3, 21) and (10, 24) . When two or more nodes meet at a joint, the
deflections of the slab at the nodes are different but the deflection of the foundation i s
the same .

The stiffness of a joint is represented by a shear spring constant and a momen t
spring constant as described previously. Taking nodes 7 and 16 in Figure 5.9 as an ex -
ample, the shear and moment transfer across the joint can be expressed a s

FIGURE 5 . 9

A four-slab system .

Fw7 = (w 16 —w7)Cw

Fey? _ (e y16 — ay7)Ce

(5 .26a)

(5 .26b)
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Fw16 = ( w7 -w16) Cw

Fay16
= (0 y7 — e y16) Ce

(5 .26c )

(5 .26d)

in which Fw is the shear force across joint, w is the vertical deflection, Fay is the mo-
ment about the y axis, and B y is the rotation about the y axis. These forces and moment s
can be placed in the force vector on the right side of Eq . 5 .15, and the vertical deflection s
and rotations are then transferred to the left to form the stiffness matrix of the joint .

Simultaneous Equations Equation 5 .15 can be solved by the Gauss eliminatio n
method . For the system shown in Figure 5 .9, the total number of equations is 75 . If the
foundation is a liquid, the half-band width is 30, instead of 15, due to the presence o f
joints, so the dimension for the stiffness matrix is 75 x 30 = 2250 . If the foundation i s
solid or layer, the half-band width is 75, so the dimension for the stiffness matrix i s
75 X 75 = 5625. In practical applications, the number of nodes is much greater than
25 . The previous DOS version of KENSLABS could not have a memory exceedin g
600K, so the dimension of the stiffness matrix was limited to 70,000 (equivalent t o
280K of memory) . The current Windows version does not have this limitation ; the di-
mension of the stiffness matrix can be increased to 1,600,000 (equivalent to 6 .4 MB of
memory) . With the maximum allowable 420 nodes, the dimension of the stiffness ma -
trix for solid and layer foundations is 420 x 3 x 420 x 3 = 1,587,600 . However, in
analyzing the case of partial contact, only one-half of the dimension can be used to
store the new matrix, while the other half is being used to store the previous matrix . If
insufficient memory is a problem, an iteration method can be used (Huang, 1974b) . In
this method, an arbitrary half-band width can be assigned . Any entry in the stiffness
matrix outside the half-band is stored and moved to the right side of Eq . 5 .15 :

[K 1 ]{8} = {F} — [K2]{8a }

	

(5 .27)

Here, [K1 ] is the stiffness matrix within the assigned half-band, [K2 ] is the stiffness ma -
trix outside the half-band, and {S al are the assumed displacements outside the half -
band. Because the stiffness matrix outside the half-band consists principally of th e
stiffness matrix of the foundation, eight-ninths of the entries are zeros, which need no t
be stored, so the storage required for [K 2] is very small .

Equation 5 .27 can be solved by an iteration method. First, a set of displacements
{S a l is assumed and a new set of displacements {8} is computed . Using {SI as { S a l ,
the process is repeated until the displacements converge to a specified tolerance . This
iterative procedure can be applied to all three types of foundation . It was found tha t
the solution converges quite rapidly if a large half-band width is assigned . If the half -
band width is equal to the number of equations, no iteration will be required . Howev -
er, if the half-band width is too small, the solution could diverge, so a larger half-ban d
width should be used . In KENSLABS, the largest possible half-band width within th e
allowable dimension will be selected automatically for the stiffness matrix .

The use of the foregoing iteration method with a smaller half-band requires no t
only less memory, but also less time to run . For computers with insufficient memory, a
separate program, providing only 100,000 as the dimension of the stiffness matrix, i s
available . It is suggested that this KENSLABS with small memory be run first . If an
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error message about insufficient memory appears, then the KENSLABS with large

memory can be used .

5 .1 .4 Temperature Curlin g

In analyzing temperature curling, it is assumed that each slab acts independently and i s
not restrained by the lubricated dowel bars . This assumption is reasonable if all the ad -
joining slabs are of the same size and thickness and curl the same amount at corre-
sponding points along the joint.

General Formulation The general formulation involving curling is similar to that for
loading . After the stiffness matrix is superimposed over all elements and the noda l
forces are replaced with the statical equivalent of externally applied loads, the follow -
ing simultaneous equations can be obtained for solving the nodal displacements :

[Kp]{8} _ {F} + [Kf]{S'}

	

(5 .28a )

In these equations, [Kp] is the stiffness matrix of the slab including the joint, if any, {8 }
are the nodal displacements of slab, {F} are the nodal forces due to applied loads, [Kf]
is the stiffness matrix of foundation, and {S'} are the nodal displacements of founda -
tion. Note that the second term on the right side of Eq . 5 .28a represents the noda l
forces due to the foundation reaction . If the slab has a total of n nodes, then

(5 .28b)

8i = 0, i

	

=

w; Fwi

	

c i —w;
0

	

SZ =

	

0

O y ,

	

0

	

0

(5 .28c)

and

in which the subscript i indicates the ith node ; w is the vertical deflection, downward
positive ; O X is the rotation about the x axis ; 0y is the rotation about the y axis ; Fw is the
vertical force due to externally applied load, downward positive ; and c is the initia l
curling of a weightless and unrestrained slab due to a temperature differential betwee n
the top and the bottom, upward positive . The subgrade displacement indicated b y
Eq. 5 .28c is based on Westergaard's assumption of full contact . If the slab curls up an
amount c1, the subgrade will pull it down an amount wi, so the vertical deflection of the
subgrade is ci — wi . The reason that Fi and 8 ; contain only one nonzero element is that
the nodal forces are determined by statics and only vertical loads and reactions ar e
involved . If there is no curling, then c, = 0, so wi can be moved to the left side o f
Eq. 5 .28a and Eq. 5 .15 is obtained .
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FIGURE 5 .1 0
Curling of slab . (After Huang and Wang (1974))

Initial Curling The determination of initial curling was presented by Huang an d
Wang (1974) . Figure 5 .10 shows, in an exaggerated scale, a thin slab subjected to a tem -
perature differential At between the top and the bottom. If the slab is weightless and
unrestrained, it will form a spherical surface with a radius R . Because the slab is onl y
slightly curved, the length of the arc on the upper surface is practically the same as tha t
on the lower surface, so the length L of the upper surface is shown as the length of th e
lower surface. The length is actually greater at the bottom than at the top by a t LLt,
where a t is the coefficient of thermal expansion. Now, the radius R is much greater
than the thickness h, and L is much greater than atLAt, so it can easily be shown b y
geometry tha t

h
(5 .29 )

and

R= atLt

d 2
(5 .30 )

c— 2R

in which d is the distance to the center of slab, where curling is zero . Substituting
Eq. 5 .29 into Eq. 5 .30 gives

atLtd2

c

	

2h

Note that At is positive when the slab is curled up, with a temperature at the botto m
greater than that at the top, but negative when it is curled down. The assumption that
the slab remains in contact with the subgrade implies that the subgrade reaction always
exists no matter how the slab is curled . If the slab is curled up, the subgrade will pull the
slab down, and a deflection w is obtained, as shown in Figure 5 .10 . The displacement o f
the subgrade is thus c — w, as indicated by Eq . 5 .28c . If w (within {8'} in the secon d
term on the right side of Eq. 5 .28a) is moved to the left and combined with w on th e

(5 .31 )
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left, and if c is combined with {F}, Eq . 5 .15 is obtained to solve the nodal displace-

ments. After the displacements are obtained, the stresses can also be computed .

The above derivation for upward curling also applies to downward curling.When
the slab is curled down, the temperature differential is negative . If the temperatur e
differential is the same for downward curling as for upward curling, the stresses an d
deflections will be the same in magnitude, but opposite in sign .

5 .1 .5 Slab–Subgrade Contact

An important factor that affects the design of concrete pavements is the contact condi -
tion between slab and foundation . Both Westergaard's analysis for liquid foundation s
and Pickett's analysis for solid foundations (Pickett et al., 1951) are based on the as-
sumption that the slab and foundation are in full contact . This assumption is valid if
there are no gaps between slab and foundation, because the weight of the slab naturall y
imposes a large precompression on the foundation, which will keep the slab and foun -
dation in full contact . However, this is not true when the slab is subjected to curling o r
pumping, which results in a separation between slab and foundation . The KENSLABS
computer program is particularly useful for evaluating the effect of contact condition s
on stresses and deflections . The analysis of partial contact for liquid foundations wa s
presented by Huang and Wang (1974) and will be described here . Three cases of con -
tact are discussed: full contact, partial contact without initial gaps, and partial contac t
with initial gaps. The modifications of the procedure for solid and layer foundations ar e
also discussed .

(a) Winkler Foundation before Paving

	

(b) Precompression due to Weight of Slab

FIGURE 5 .1 1
Spring analogy for full contact . (After Huang and Wang (1974) )

Applied
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(Shaded Area)

(d) Deflection due to Loadin g
(Shaded Area)
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Full Contact Figure 5 .11 shows a liquid or Winkler foundation consisting of a serie s
of springs, each representing a nodal point in the finite-element analysis . When a slab is
placed on the foundation, the weight of the slab will cause a precompression of th e
springs, as shown in Figure 5 .11b. Because the slab is uniform in thickness, each spring
will deform the same amount, and no stresses will be induced in the slab . The amount
of precompression can be determined directly by dividing the weight of slab per uni t
area by the modulus of subgrade reaction .

When the temperature on top of the slab is colder than that at the bottom, as
is usually the case at night, part of the slab will deflect upward, as shown in
Figure 5 .11c. However, the slab and the springs remain in contact because th e
upward deflections are smaller than the precompression . The deflection of the slab
due to curling can be determined by subtracting the precompression due to th e
weight of the slab from the deflection due to the weight and the curling combined ,
as indicated by the shaded area in Figure 5 .11c. The result is exactly the same as
when considering the curling alone . The same is true when a load is applied to a
curled slab, as shown in Figure 5 .11d . Therefore, when the slab and the subgrade ar e
in full contact, the principle of superposition applies . The stresses and deflection s
due to curling and loading can be determined separately, each independently of th e
other, disregarding the weight of the slab. This principle forms the basis of Wester-
gaard's analysis .

The major difference in procedure between full and partial contact is that, in th e
case of full contact, it is not necessary to consider the weight of the slab, whereas, in th e
case of partial contact, the weight of the slab must be considered. The latter case in -
volves two steps . First, the gaps and precompressions of the subgrade due to the weigh t
of the slab or due to the weight of the slab and the curling combined are determined .
These gaps and precompressions are then used to determine the stresses and deflec-
tions due to applied loads.

It should be noted that full contact is a special case of partial contact . Every
problem in partial contact is analyzed first by assuming the slab and the subgrade t o
be in full contact. If it turns out that they are actually in full contact, no iteration s
are needed. If some points are found out of contact, the reactive force at thos e
points is set to zero. The process is repeated until the same contact conditions ar e
obtained .

Partial Contact Without Initial Gaps This case applies to new pavements not sub -
jected to significant amounts of traffic and where there is no pumping or plastic de -
formation of the subgrade. Each spring in the Winkler foundation is in goo d
condition and, if the slab is removed, will rebound to the same elevation with no ini -
tial gaps, as shown in Figure 5 .12a . Under the weight of the slab, each spring is sub -
jected to a precompression, as shown in Figure 5 .12b . If the slab is curled up, gap s
will form at the exterior springs, as indicated by a positive s in Figure 5 .12c, and
precompressions will form at the interior springs, as indicated by a negative s . If
the slab is curled down, all springs will be under precompression—similar t o
Figure 5 .12b, except that the precompressions are not equal . For very stiff springs, a
gap could also form at the interior springs . The displacements due to the weight of
the slab and curling combined can be determined from Eq . 5 .28, except that the
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(a) Winkler Foundation without
Initial Gap

(b) Precompression due to Weight
of Slab

Before
loadin g

(c) Gap and Precompression due to
Weight and Curling

(d) Deflection due to Loading
(Shaded Area)

FIGURE 5 .1 2
Partial contact without initial gap . (After Huang and Wang (1974) )

subgrade displacements are expressed as

ci — wi

8; =

	

0

	

when wi > cti

0

(5 .32a)

8~ = 0

	

when wi < ci

0

(5 .32b)

Note that 8; in Eq . 5 .32a is the same as that in Eq. 5 .28c for full contact and will b e
used to start the iteration . After each iteration, a check is made on each node to find
out whether any contact exists. If the deflection w is found to be smaller than the ini -
tial curling c, then the slab is not in contact with the subgrade, and the subgrade dis -
placement is set to zero, as indicated by Eq . 5 .32b. Thus, after each iteration, a new set
of simultaneous equations is established. The process is repeated until the same equa-
tions are obtained . In most cases, this can be achieved by five or six iterations . Afte r
the deflections due to the weight and curling are determined, the gaps and precom -
pressions can be computed for use later in computing the stresses and deflections du e
to the load alone .
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To determine the stresses and deflections due to the load alone, the gaps and pre -
compressions shown in Figures 5 .12b or 5 .12c, depending on whether curling exists,
must first be determined. Using these gaps and precompressions as s, the deflection s
due to the load alone, as shown in Figure 5 .12d, can be determined from Eq . 5 .28 ,
except that the subgrade displacements are expressed a s

1 0
8, = 0

	

when wi < si

	

(5 .33a )
0

si — wi
=

	

0

	

when wi > si and si > 0

	

(5 .33b)

1 0

–wi
=

	

0

	

when wi > si and s, < 0

	

(5 .33c)
0

In checking w with s, downward deflection is considered positive, upward negative ;
likewise, the gap is considered positive and precompression negative . First, assume the
slab and the subgrade to be in full contact, and determine the deflections of the slab
due to the applied load . Second, check the deflections with s, and form a new set of
equations based on Eq. 5.33 . Repeat the process until the same equations are obtained .

When the slab and the subgrade are in partial contact, the principle of superposi -
tion no longer applies. To determine the stresses and deflections due to an applied load ,
the deformed shape of the slab immediately before the application of the load must b e
computed first. This deformed shape depends strongly on the condition of curling, so th e
stresses and deflections due to loading are affected appreciably by curling. This fact was
borne out in both the Maryland (HRB, 1952) and the AASHO (HRB, 1962) road tests .

Partial Contact with Initial Gaps This case applies to pavements that have been sub -
jected to a high intensity of traffic . Because of pumping or plastic deformation of th e
subgrade, some springs in the Winkler foundation become defective and, if the slab i s
removed, will not return to the original elevation . Thus, initial gaps are formed, as indi -
cated by the two exterior springs in Figure 5 .13a . These gaps s must be assumed befor e
an analysis can be made. The displacements due to the weight of the slab, as shown i n
Figure 5 .13b, can be determined from Eq . 5 .28, except that the subgrade displacements
are expressed as

6; = 0 when wi > si (5 .34a)
0

0
Sti = 0 when wi < si (5 .34b)

0
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S2 = S3 = S4 = 0

(a) Winkler Foundation with
Initial Gap

(b) Gap and Precompression due to
Weight of Slab

(c) Gap and Precompression due to
Weight and Curling

(d) Deflection due to Loadin g
(Shaded Area )

FIGURE 5 .1 3
Partial contact with initial gap. (After Huang and Wang (1974) )

First, assume that the slab and the subgrade are in full contact, and determine the ver-
tical deflections of the slab from Eq. 5 .28a . Next, check the deflection at each node
against the gap s . If the deflection is smaller than the gap, as shown by the left-mos t
spring in Figure 5.13b, then use Eq . 5 .34b ; if the deflection is greater than the gap, a s
shown by the other springs in Figure 5 .13b, then use Eq . 5 .34a. Repeat the process unti l
the same equations are obtained . After the deflections are obtained, the gaps and pre -
compressions can be computed and used later for computing the stresses and deflec-
tions due to loading, if no curling exists .

It can be seen that, if the springs are of the same length, as shown in Figure 5 .12 ,
the weight of the slab will result in a uniform precompression, and no stresses will b e
set up in the slab . However, if the springs are of unequal lengths, the deflections will n o
longer be uniform, and stressing of the slab will occur.

Figure 5 .13c shows the combined effect of weight and curling when the slab is curle d
down. Downward, rather than upward, curling is considered here because the case of up -
ward curling is similar to Figure 5 .12c except that the gaps are measured from the top o f
the defective springs. Because the method is applicable to both upward and downward
curling, the case of downward curling is used for illustration . The procedure for determin -
ing the deflections is similar to that involving the weight of the slab alone, except that th e
initial curling of the slab, as indicated by Eq . 5 .31, is added to the gap shown in Figure 5.13 a
to form the total gap and precompression s for use in Eq . 5 .34. Because the gap is eithe r
positive or zero and the initial curling may be positive or negative, depending on whethe r
the slab is curled up or down, s may be positive or negative . After the deflections of
the slab are obtained, the gaps and precompressions, as shown in Figure 5 .13c, can be
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determined. These gaps and precompressions will be used for computing the stresses and
deflections due to the load alone, as shown in Figure 5 .13d.

Modifications for Solid and Layer Foundations The above procedure for liquid foun -
dations has to be modified when it is applied to solid or layer foundations . The actua l
criterion for deciding the contact condition is whether any tension exists between th e
slab and the foundation . In liquid foundations, tension is indicated if the slab moves u p
relative to the foundation, and compression is implied if the slab moves down . By
merely comparing deflections, as indicated by Eqs . 5 .32 and 5 .33, the contact conditions
can be ascertained . In solid or layer foundations, tension or compression at a give n
node is governed not only by the deflection of the node itself but also by the deflec-
tions of all other nodes. If the contact condition is purely based on the deflection at on e
node, there is the possibility that tension may develop due to the deflections at othe r
nodes. Therefore, whether the slab and foundation are treated as being in contact at a
given node should be based on whether the actual reactive force is in compression o r
tension, instead of on the deflections .

First, the slab and foundation are assumed to be in full contact and the reactiv e
force at each node is determined . If the reactive force is in tension and the tension i s
greater than the precompression (note that the term precompression used in solid o r
layer foundations indicates a force, while that in liquid foundation indicates a displace-
ment), the node is not in contact, and its reactive force is set to zero in the next itera-
tion . When there is no reactive force at a given node, that node should be eliminate d
from the flexibility matrix and a new stiffness matrix for the foundation is formed . The
process is repeated until the same contact conditions are obtained.

5.2

	

PROGRAM DESCRIPTIO N

KENSLABS, together with its input program SLABSINP and graphic program s
SGRAPH and CONTOUR, is part of a computer package called KENPAVE . In its
present dimensions, it can be applied to a maximum of 6 slabs, 7 joints, and 420 nodes .
Each slab can have a maximum of 15 nodes in the x-direction and 15 nodes in the
y-direction . Damage analysis can be made by dividing each year into a maximum of 1 2
periods, each with a maximum of 12 load groups .

Similar to LAYERINP, a program named SLABSINP can be used to create an d
edit data files . More about SLABSINP is presented in Appendix C .

5.2.1 General Features

The capabilities, limitations, and applications of the program, together with the auto -
matic checking of contact between slab and foundation, are discussed in this section .

Capabilities The capabilities of the program are as follows :

1 . A maximum of six slabs with shear and moment transfer across the joints can be
analyzed . Shear transfer can be effected by specifying a shear spring constant o r
by providing information on the size, spacing, Young's modulus, and Poisson ratio
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of dowel bars together with the joint width and the modulus of the dowel sup -
port . Dowels can have nonuniform spacings by assigning zero, one, or more dow-
els at each node along a joint . Moment transfer is specified by a moment sprin g
constant. The looseness of the dowel can be considered by specifying a gap be -
tween dowel and concrete . This gap can also be applied to the shear spring con -
stant but not to the moment spring constant .

2. Each slab can have different thicknesses and sizes . In the same slab, thickness can
vary from node to node. However, two adjoining slabs must have the same width ,
and all joints must be continuous throughout the slabs .

3. The slabs can have two rigid layers, either bonded or unbonded . Each layer has
its own Young's modulus and Poisson ratio . The modulus of rigidity for determin -
ing the stiffness of the slabs is computed by Eq . 5 .11 for unbonded layers and
Eq. 5 .12 for bonded layers. The stiffness matrix of the slabs is the sum of the stiff -
ness matrices of both layers .

4. The load can be uniformly distributed over rectangular areas or concentrated at a
given number of nodes. Each loaded area can have a different intensity of pressure .

5. If symmetry with respect to one or both axes exists, only one-half or one-quarte r
of the slab system need be considered (Huang, 1974b) . This feature can save a
great deal of computer time and storage . Figure 5.14 shows several cases of
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FIGURE 5 .1 4
Use part of slab for cases of symmetry.
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symmetry under single, dual, and dual-tandem wheel loads . Although the part
to be used for analysis is indicated by hatched lines, any quadrant or half can b e
used .

6. The effect of temperature curling and the gap between slab and foundation o n
the stresses and deflections can be analyzed .

7. The slab and foundation can be assumed to be in full contact at all nodes or not
in contact at some designated nodes. The contact condition can also be evaluate d
automatically by iterations.

8. The program can analyze slabs on liquid, solid, or layer foundations .

Limitations

1. When one is considering temperature curling, each slab is assumed to curl into a
spherical surface independent of the others. This occurs only when there is no
moment transfer across the joints, and each slab can move up and down freely, as i n
the case of lubricated dowel joints . It might not be applicable to hinged or longitu -
dinal joints, where the edges of adjoining slabs are held tightly together . Fortunate -
ly, the most critical area for a pavement is not in the vicinity of a longitudinal joint ,
so this inaccuracy should have very little effect on the final design . The analysis o f
temperature curling is based on the assumption that there is only one layer of
slabs and that each slab is of uniform thickness . For slabs of nonuniform thick-
ness, an average thickness must be assumed .

2. When slabs are composed of two layers, the joints through the two layers are a t
exactly the same locations. If the bottom layer has no joints and is much weake r
than the top layer, this assumption should have very little effect on the stresses in
the top layer.

3. The program does not permit the use of infinitely stiff joints, where the deflec-
tions or rotations on the two sides of the joint are equal . When a very large sprin g
constant is applied to a joint, the equation for each node on the two opposit e
sides is identical and the system of simultaneous equations becomes singular .
This situation will not occur in practice and can be detected easily if the printou t
shows that the sum of applied forces is significantly different from the sum of re -
active forces. Methods based on the efficiency of load transfer (Chou, 1981 ;
Huang and Deng, 1982) can be applied to infinitely stiff joints but are not used in
KENSLABS because it is unreasonable to assume the same efficiency for al l
points along a joint .

4. The use of rectangular elements severely limits the size of elements to be em-
ployed. If small elements are used in the main slab, elements in the adjoinin g
slabs will be of the same small width . The limitation that the length–width ratio o f
any element be not greater than 4 or 5 requires a lot of elements to be use d
throughout the slab system. If many slabs are involved, a relatively large gri d
should be used to save computer time and storage. Fortunately, a relatively large
grid can still yield reasonable results.
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5. The program can determine only the stresses in the concrete slabs and the de-
flections of the slab and the foundation. The stresses in the solid or layer founda -
tion cannot be obtained .

Evaluation of Contact To check the contact condition between slab and foundation
under a given load, it is necessary to know the contact condition before the load is ap -
plied . Therefore, the gaps at those nodes not in contact and the precompressions a t
those nodes in contact must be specified . Because these gaps and precompression s
prior to the application of the load are difficult to determine, the best way is to divide
the analysis into two steps.

First, determine the gaps and precompressions between slab and foundatio n
under weight, temperature curling, and initial gaps, if any . The initial gap is the gap be -
fore the slab is constructed . In fact, there are no gaps between slab and foundatio n
when the concrete is poured. Gaps develop only after pumping or plastic deformation
of the foundation has taken place . Initial gaps can be visualized as a change in grade
should the slabs be removed . Because these gaps are difficult to predict, a rough esti -
mate of their possible occurrences near the pavement edges or joints is all that is needed .
Nondestructive deflection tests can be used to detect the voids under concrete pave-
ments (AASHTO, 1986) and the information obtained from these tests on existin g
pavements can be used as a guide . Next, using the gaps and precompression obtaine d
in the first step, determine the stresses and displacements under the applied load .
These two steps should be executed in the same run, one immediately after the other ,
so the gaps and precompressions determined in step 1 can be used in step 2 .

The reasons that curling and loading are analyzed separately in two steps are be -
cause these two cases do not occur at the same frequency and because the modulus of the
subgrade due to the slowly changing temperature gradient could be much smaller tha n
that due to transient wheel loads. Although stresses due to temperature curling are sig -
nificant in concrete pavements, many of the current design methods consider only th e
stresses due to loading, so a separation of loading and curling stresses is needed . Howev -
er, the program can determine the combined effect of curling and loading, if desired .

Applications Before running KENSLABS, it is necessary to sketch a plan view of th e
slabs, divide them into rectangular finite elements of various sizes, and number the slabs ,
nodes, and joints. In dividing slabs into rectangular finite elements, it is not necessary to us e
very fine divisions . In most cases, elements of width 10 to 12 in . (254 to 305 mm) are suffi -
cient for regions near the load or in the area of interest . Larger elements can be used
when they are far away from the load . To obtain more accurate results, the length-
to-width ratio of any element should not be greater than 5. To model an infinite slab ,
the boundary or edge of slab should be placed at least 10 ft (3 .28 m) from the load .

Numbering of Slabs, Nodes, and Joints To facilitate programming, it is neces-
sary to number the slabs in a systematic manner . First, consider the slab at the lowe r
left corner as number 1, and proceed column-wise from bottom to top . When one col-
umn of slabs has been numbered, move to the right column and continue numberin g
from bottom to top until all slabs are numbered . In each slab, the nodes are numbered
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FIGURE 5 .15
Numbering of slabs, nodes, and joints.

consecutively from bottom to top along the y axis, starting from the lower left corner ,
and then moving to the right until all nodes in the slab are numbered . The numberin g
is then continued on the next slab . The joints can be numbered in any arbitrary way .
Figure 5 .15 shows the numbering of slabs, nodes, and joints. Also shown within the cir -
cles are the element numbers to be used internally and the uniform load applied at the
corner of element 6 to be used later for illustration .

The above method for numbering nodal points is not very efficient for multipl e
slabs on a liquid foundation because it usually results in a stiffness matrix with a large r
half-band width . The half-band width is governed by the maximum difference between
the nodal numbers on the opposite side of the joints . The maximum difference for th e
slabs shown in Figure 5 .15 is 12 and occurs at joints 4 and 6 . The half-band width i s
(12 + 1) x 3 = 39. The half-band width can be reduced if the nodes are numbered ver-
tically from bottom to top across the joints . For example, if nodes 19, 20, and 21 ar e
changed to 13, 14, and 15 and nodes 13, 14, and 15 are changed to 16, 17, and 18, and th e
other nodes are changed accordingly, the maximum number of nodes in the vertical di-
rection is 6, so the half-band width is reduced to (6 + 2) X 3 = 24. To reduce the half -
band width and to save computer time and storage for a liquid foundation, the program
will renumber the nodes vertically from the bottom of one slab to the top of the othe r
slab before forming the overall stiffness matrix . This change is done internally, and th e
nodal numbers are switched back to the original without the knowledge of the program
user . This additional procedure is applied only to liquid foundations when the dimensio n
of stiffness matrix is less than 100,000, so that the equations can be solved without itera-
tions . If, after renumbering, the dimension of stiffness matrix is still greater than 100,000 ,
the original numbering will be restored and the equations will be solved by iterations . For
solid and layer foundations, it is not necessary to renumber the nodes, because the stiff -
ness matrix is always fully populated no matter how the nodes are numbered .
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An input parameter JONO(J,I) is used to relate the location of joints to the slabs ,
where the first subscript, J, indicates the four sides (left, right, bottom, and top) of a
slab, and the second subscript, I, indicates the slab number . For example, the left side o f
slab 1 has no joint, so JONO(1,1) = 0; the right side is joint 1, so JONO(2,1) = 1 ; the
bottom and top sides have no joints, so JONO(3,1) = 0 and JONO(4,1) = O . Similar-
ly, for slab 2, JONO(1,2) = 1, JONO(2,2) = 4, JONO(3,2) = 0, and JONO(4,2) = 5 .
The same rule applies to all other slabs.

Types of Problems to Be Solved The following input parameters are importan t
for determining the type of problems to be solved :

INPUT = code indicating whether gaps and precompressions are obtaine d
from a previous problem. Assign 0 for no and 1 for yes.

NCYCLE = maximum number of iteration cycles for checking subgrade con -
tact . Assign I for full contact or when no iterations are required and 10 for partial
contact or when iterations are required .

NOTCON = total number of nodes that are assumed not in contact or at whic h
subgrade reactions are initially set to 0. If NCYCLE = 1, these nodes will neve r
be in contact . If NCYCLE = 10, these nodes may or may not be in contact ,
depending on the computed results .

NWT = code indicating whether slab weight is considered . Assign 0 when
weight is not considered, as in the case of full contact with NCYCLE = 1, and 1
when weight is considered.

These parameters can be used in combinations to analyze the following cases :

1. Case 1 : Slab and foundation are in full contact as originally assumed by Wester-
gaard. Set INPUT to 0, NCYCLE to 1, NOTCON to 0, and NWT to 0 . This case
does not require iterations for checking contact conditions .

2. Case 2 : Slab and foundation are in full contact at some nodes but completely ou t
of contact at other nodes. Set INPUT to 0, NCYCLE to 1, NOTCON to the num -
ber of nodes not in contact, and NWT to O . This case does not require iteration s
for checking contact conditions .

3. Case 3 : Partial contact under wheel loads should be analyzed in two steps . First, deter -
mine the gaps and the precompressions between slab and foundation under weight ,
temperature curling, and gaps, if any, by setting INPUT = 0, NCYCLE =10 ,
and NWT = 1 . Then, using the gaps and precompressions thus computed ,
determine the stresses and deflections under wheel loads by setting INPUT = 1 ,
NCYCLE = 10, and NWT = 0 .

4. Case 4: If there is no gap between slab and foundation and no temperature curling ,
an approximate method with a single step can be used to analyze partial contac t
under wheel loads by specifying INPUT = 0, NCYCLE = 10, and NWT = 1 .
The stresses and deflections thus determined are due to the combined effect of the
weight of slab and the wheel loads. Because the stress induced by the weight of sla b
is 0 for liquid foundations and very small for solid and layer foundations, when
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compared with the stresses due to wheel loads, the maximum stress obtained by
this simplified procedure can be used directly for design purposes . However, thi s
method cannot be used to determine the deflections under wheel loads, becaus e
the deflections induced by the weight of slab are quite significant .

Damage Analysis Much as with KENLAYER, damage analysis can be per-
formed by dividing each year into a maximum of 12 periods, each with a maximum of
12 load groups. Because only the properties of foundation vary with the season, a foun -
dation seasonal adjustment factor (FSAF) is assigned to each period . The modulus of
subgrade reaction of a liquid foundation or the stiffness matrix of solid and layer foun -
dations is multiplied by this factor to simulate the seasonal change in the stiffness o f
foundation.

Damage is based on fatigue cracking only and is defined by the cracking inde x
(CI), which is the same as the damage ratio shown by Eq . 3 .19 . The allowable numbe r
of repetitions can be expressed as

log Nf = fi — f2 (—sff )

	

(5 .35 )

in which Nf is the allowable number of repetitions, o is the flexural stress in slab, and Sc
is the modulus of rupture of concrete . In the design of zero-maintenance jointed plain
concrete pavements, Darter and Barenberg (1977) recommended the use of ff = 16.6 1
and f2 = 17.61 . The following fatigue equations are recommended by the Portlan d
Cement Association (Packard and Tayabji, 1985) :

For Sc ? 0.55: log Nf = 11 .737 — 12 .0771
Sc

I

	

(5 .36a)

3 .268

For 0 .45
< c

< 0.55 : Nf = (~/S 4 .25

0.4325)

	

(5 .36b)
c —

For
S

s 0.45 : Ni = unlimite d
c

More about fatigue characteristics of concrete is presented in Section 7 .3 .2 .
After the allowable number of repetitions is determined, the damage ratio, a s

defined by Eq . 3 .19 for flexible pavements, can be used to compute the design life.
Because only the fatigue cracking is involved, the cracking index, CI, which is the sam e
as the damage ratio, D r , is used for rigid pavements .

How damage analysis is to be performed is controlled by the input paramete r
NDAMA. If NDAMA = 0, no damage analysis will be made . If NDAMA = 1 ,
Eq. 5 .36, recommended by PCA, will be used . If NDAMA = 2, Eq . 5 .35 will be use d
and the coefficients fl and f2 must be specified by the users . To simplify programming,
NCYCLE must be equal to one when the number of periods (NPY) or the number of
load groups (NLG) is greater than one .

One question on fatigue cracking that needs to be resolved is whether the pas -
sage of one set of tandem-axle loads should be considered as one or two repetitions.

(5 .36c)



5 .3 Comparison with Available Solutions

	

21 3

The PCA method (PCA, 1984) treats one tandem-axle load as one repetition, the zero -
maintenance method (Darter and Barenberg, 1977) as two . Theoretically, the damag e
analysis of tandem axles is similar to that for flexible pavements, as explained in Figure 3 .3 ,
except that the tensile stress caused by the passage of the first axle load is rra and that
from the second axle load is u a – ub . If as – 0b is much smaller than a-a, the stres s
ratio (the ratio between the flexural stress and the modulus of rupture) due to the sec -
ond load is most probably smaller than 0 .45 and, according to the PCA failure criteria ,
should have no effect on fatigue damage . Therefore, the assumption of one tandem -
axle load as one repetition is more reasonable . This is in line with the erosion analysi s
based on corner deflection in which one tandem-axle load is considered as one repeti -
tion . By the same reasoning, the passage of a set of tridem-axle loads should still b e
counted as one repetition .

If the stress ratio due to o-a – ub is greater than 0 .45, or Eq . 5 .35 without such a limit
is used, then the second and third axle loads will have some effect on fatigue damage . This
additional damage can be analyzed by KENSLABS and is discussed in Section 6 .4 .5 .

5.3

	

COMPARISON WITH AVAILABLE SOLUTION S

It is generally agreed that the finite-element method is one of the most powerful tool s
for analyzing rigid pavements, particularly those with partial contact . Many studies
(Huang and Wang, 1973, 1974 ; Huang, 1974a ; Darter and Barenberg, 1977 ; Chou and
Huang, 1981) were made comparing finite-element solutions with field measurements ,
and close agreements were reported. In this section, the solutions obtained b y
KENSLABS are compared with other theoretical solutions available .

5.3 .1

	

Analytical Solution s

The analytical solutions to be compared include Westergaard's solutions for edge load -
ing and the solutions for temperature curling by Westergaard and Bradbury .

Edge Loading The analytical solutions for a concentrated load applied at the edge o f
an infinite slab far from any corner were presented by Westergaard (1926b) . In the
finite-element method, the infinite slab can be approximated by a large slab, 20f lon g
by 10f wide, where f is the radius of relative stiffness. Because the problem is symmet -
rical with respect to the y axis, only one-half of the slab need be considered . The slab i s
divided into rectangular finite elements, as shown by the insert in Figure 5 .16 . The x
coordinates are 0, ,n-f/8, 7rf14, 7rf/2, 7rf, 5f, 7f, and 10f, and the y coordinates are 0 ,
'me /4, 7rf/2, rrf,1 .5irf, 27rf, 2.57rf, and 10f . The Poisson ratio of the concrete is 0 .25, as
was assumed by Westergaard .

Figure 5 .16 shows a comparison between Westergaard's exact solutions, as indi -
cated by the curves, and the finite-element solutions obtained by KENSLABS, as indi -
cated by the small circles. The moment M and the deflection w along the edge of slab
and the deflection at a distance of 7rf/4 and 7rf12 from the edge are presented . It can be
seen that the solutions by KENSLABS check very closely with Westergaard's results .

Temperature Curling Westergaard's solutions for a slab of infinite length and Brad-
bury's solutions for a finite slab can be used to compare with KENSLABS.
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Comparison between KENSLABS and Westergaard's solutions . (After Huang and Wang (1974) .)

Slab of Infinite Length Westergaard (1926a) presented exact solutions for th e
stress and deflection due to temperature curling in a concrete slab 4 .2f wide and infi-
nitely long, where e is the radius of relative thickness. His solutions for the stress an d
deflection along the y axis, which is perpendicular to the pavement edge, are shown by
the two curves in Figure 5 .17 . The stress and deflection are expressed as dimensionles s
ratios in terms of ~o and wo, respectively, wher e

EatLt
(5 .37a)0 0

2(1 — v )

wo =
(1 + v)at f2

(5 .37b)
h

-1 .0
— BY WESTERGAAR D

o BY FINITE ELEMENT A
~o

w o

0 .5
-2 .18 -0 .7 f

	

0

	

0 .7 f

Distance from Center of Slab

-1 .4 f

3
3

	

0

1 .4 2 .1 e

FIGURE 5 .1 7

Stress and deflection along transverse direction . (After Huang and Wang (1974) )
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Division of slab into finite elements .

In the finite-element analysis, a long slab, 4 .2E wide and 16 .8E long, is employed .

The slab is divided into finite elements, as shown in Figure 5 .18 . By symmetry, only

the upper right quadrant of the slab is considered . It is assumed that E = 3 x 10 6 ps i

(20.7 GPa), k = 100 pci (27 .1 MN/m3 ), h = 9 in. (229 mm), at = 5 X 10 -6/°F(9 x
1 0-6/°C), and At = 10°F (5.6°C) . The radius of relative stiffness E is 36 .95 in. (938 .5 mm) ,
which is used for determining the actual size of grid for computer input.

After the stress and deflection are computed, they are expressed as dimension -
less ratios, as shown by the circles in Figure 5 .17 . It can be seen that the KENSLAB S

solutions check closely with Westergaard's exact solutions .
Westergaard's solutions are based on the assumption that the slab and the sub -

grade are in full contact . If the slab moves down, the subgrade will push it up ; if the slab

moves up, the subgrade will pull it down . This case is analyzed physically in KENSLAB S
by assuming that the slab is curled into a spherical surface and that the spring at each
node will push or pull the slab up or down, depending on the movement of the slab . The
close agreement in stress and deflection between the two solutions clearly indicates that
the concept employed by KENSLABS is fundamentally correct .

Finite Slab To compare Bradbury's solutions with those obtained by KENSLABS ,

it is assumed that the slab is 20 ft (6 .1 m) long and 12 ft (3 .7 m) wide, with a Young' s

modulus of 5 X 10 6 psi (34.5 GPa), a Poisson ratio of 0 .2, a coefficient of thermal

expansion equal to 5 X 10-6/°F (9 X 10-6/°C), and a temperature differential of 3°F
per in . (0.066°C per mm) of slab . Three different subgrade moduli-50, 200, and 500 pci
(7 .9, 31 .4, and 78 .6 kN/m3) and three different thicknesses-8, 10, and 14 in . (203, 254 ,
and 356 mm) are assumed . The results are shown in Table 5 .2 .

The stress shown in Table 5 .2 is the maximum stress at the center of the slab.
Bradbury's solutions are obtained by following the same procedure as was illustrate d

in Example 4 .1 . The solutions from KENSLABS are obtained by using one-quarter o f
the slab and dividing it into 1 ft X 1 ft (0 .3 x 0.3 m) square elements. The agreement
between the two solutions for a variety of thicknesses and subgrade moduli further val -
idates KENSLABS for handling temperature warping with full subgrade contact .

The assumption of full contact for temperature curling is unreasonable be -
cause, when the slab curls up, there is no way that the subgrade will pull it down .

x



216 Chapter 5

	

KENSLABS Computer Progra m

TABLE 5 .2 Comparison of Curling Stres s

Sla b
thickness

Maximum curling stress (psi)

Method k = 50 pci k = 200 pci k = 500 pc i(in . )

8 KENSLABS 248 .8 361 .3 391 .8
Bradbury 253 .1 363 .1 390 .0

10 KENSLABS 224.5 394 .4 466 .4
Bradbury 224.2 398 .2 467 .9

14 KENSLABS 158,3 382 .4 538 .5
Bradbury 154 .2 386 .6 541 .4

Note . 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 pci = 271 .3 kN/m3 .

Experience has shown that the curling stresses obtained by Westergaard or Brad-
bury's theory based on full contact are much larger than those from field measure-
ments (Moore, 1956) . As is shown in Section 5 .3 .3, the finite-element solutions based
on partial contact result in much smaller stresses and check more closely with fiel d
measurements.

5 .3.2 Influence Charts

The influence charts developed by Pickett and Ray (1951) for liquid foundations an d
by Pickett and Badaruddin (1956) for solid foundations can be used to compare wit h
the solutions by KENSLABS .

Liquid Foundations Figure 5 .19 shows an influence chart used by PCA (1969) fo r
determining the moment at point 0 under a 36-kip (160-kN) tandem-axle load hav-
ing an 11 .5-in . (292-mm) dual spacing, a 49-in . (1 .25-m) tandem spacing, and a 71-in .
(1 .80-m) spacing between the center of the two sets of dual tires. The radius of rela -
tive stiffness f is 50 in . (1 .77 m) and the number of blocks N covered by each tire i s
shown in the figure. When f, N, and a tire contact pressure q of 67 .2 psi (433 kPa )
are known, the moment can be computed by Eq . 4.32a and compared wit h
KENSLABS.

In the finite-element analysis by KENSLABS, each load was considered inde-
pendently. The problem can be made symmetric by placing an image tire on the left
corresponding to each tire on the right ; therefore, only one-half of the slab i s
required. The moment thus determined must be divided by 2 to give the momen t
resulting from one tire only. A relatively large square grid was used near the loads, a s
shown in Figure 5 .20 .

Table 5 .3 gives a comparison of the moments at point 0 due to six different tir e
positions. It can be seen that the solutions from KENSLABS check quite well wit h
those from the influence chart, especially when the tire is close to point O . The large
discrepancy for tire 7 is due to the fact that this tire straddles between positive an d
negative blocks and covers only two blocks . The percentage of discrepancy would be -
come zero if the block enclosed were counted as 1 .2 instead of as the two blocks
counted by PCA .
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Contact imprints on influence chart based on liquid foundation . (After PCA (1969) )

Solid Foundation Pickett and Badaruddin (1956) developed analytical solutions for

stresses at the edge of an infinite slab on a solid foundation due to a load near the edge .

Figure 5.21 is an influence chart they developed . To use the chart, it is necessary t o

determine the modulus of relative stiffness for the solid foundation defined as

1Ec1—vf 1/
3

[E=h
6Ef 1

The subscripts c and f denote the concrete slab and the solid foundation, respectively .

After f is determined, the loaded area can be plotted on the chart by using the scale o n

the top. The number of blocks N covered by the loaded area is counted, and the stres s

at point 0 can be obtained by Eq . 4 .32 . The number of blocks covered by the six con -

tact areas, each having a size of 0 .2f X 0.2f, was tabulated by Pickett and Badaruddin

(1956) and is shown in Figure 5 .21 .

In the finite element analysis by KENSLABS, a slab 8 in . (203 mm) thick, 24 ft

(7 .32 m) long, and 12 ft (3 .66 m) wide was assumed . The problem can be solved b y

II
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FIGURE 5 .20
Finite-element mesh for liquid foundation (1 in . = 25 .4 mm) .

considering one-half of the slab, as in the case of liquid foundation described previously.
The slab was divided into finite elements as shown in Figure 5 .22 . Assuming that
E0 = 4 X 10 6 psi (27 .6 GPa), Ef = 1 x 10 4 psi (69 MPa), v~ = 0 .15, and o f = 0.475 ,
then from Eq. 5 .38, ,e = 30 in. (762 mm) .

Table 5 .4 gives a comparison of edge stresses between the solutions by Picket t
and Badaruddin's influence chart and those by KENSLABS. Both solutions check
closely with an average discrepancy of about 5% .

TABLE 5 .3 Comparison of Moments between Influence Chart an d
Kenslabs

Tire
Moment (in .-lb)

Percentage o f
Influence char tnumber KENSLABS discrepancy

2

	

1831 1861 +1 .6
3

	

-202 -204 +1 .0
4

	

-235 -260 +10 .6
6

	

420 393 -6 .4
7

	

-33 -20 -39 .4
8

	

-67 -73 +9 .0

Note . 1 in .-lb = 0 .113 m-N .
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TABLE 5 .4 Comparison of Stresses between Influence Chart and
KENSLAB S

Loading
Edge stress/contact pressure, ue /9

Percentage o f
Influence chart KENSLAB Sposition discrepancy

1 2 .580 2 .653 +2 . 8
2 0 .617 0 .645 +4 . 5
3 0 .870 0 .909 +4 . 5
4 0 .506 0 .545 +7 .7
5 0 .417 0 .443 +6 .2
6 0 .268 0 .283 +5 .6

5 .3 .3 ILLI-SLAB Computer Progra m

ILLI-SLAB was originally developed in 1977 for the structural analysis of one or tw o
layers of slabs with or without mechanical load transfer systems at joints and cracks
(Tabatabaie, 1977) . It has since been continuously revised and expanded through sev-
eral research studies to improve its accuracy and ease of application . Its capabilities are
similar to KENSLABS, which was originally developed in 1973 and has been continu-
ously updated and improved for classroom use .

Heinrichs et al. (1989) compared several available computer models for rigid
pavements and concluded that both ILLI-SLAB or JSLAB, which is a similar finite -
element program developed by the PCA, were efficient to use and could structurall y
model many key design factors of importance . They also indicated that ILLI-SLAB
had had extensive checking, revisions, and verification by many researchers and wa s
more nearly free of errors than any other available program . They presented the re-
sults of several cases by different models, with which KENSLABS can be compared .

Edge Loading Figure 5 .23 shows the cross-section of a two-layer pavement with tie d
shoulders, which was analyzed by Heinrichs et al. In addition to the dimensions an d
material properties shown in the figure, other information includes joint width, 0 .25 in .
(6 .4 mm); modulus of dowel support, 1 .5 X 10 6 psi (10.4 GPa) ; Young ' s modulus of the
dowel, 29 X 106 psi (200 GPa) ; Poisson ratio of the dowel, 0 .3 ; single-axle load, 18 kip
(80 kN) ; and contact pressure, 100 psi . The finite element grid and the loading position
are shown in Figure 5 .24 .

Table 5 .5 gives a comparison of results based on longitudinal edge loading . The
slabs are assumed to be in full contact with the subgrade . This assumption is valid be -
cause there is no temperature curling and no initial gaps between the slab and the sub -
grade. The load-transfer system can be either aggregate interlock, with spring constant s
of 100,000 psi (690 MPa) at transverse joints and 31,570 psi (218 MPa) at longitudina l
joints, or dowel and tie bars, with 1 .25-in . (32-mm) dowel bars at 12-in . (305-mm) spacin g
and -in . (16-mm) tie bars at 30-in . (76-mm) spacing . The interface between the two
layers can be either unbonded or bonded . The joint efficiency is defined as the ratio of
deflections between the unloaded and loaded slabs on the opposite side of the joint .
The minimum longitudinal joint efficiency, as well as the maximum stress and deflection,
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TABLE 5 .5 Comparison of Results Based on Longitudinal Edge Loadin g

Minimu m
longitudina l

joint

Maximu m
tensile

stress at
bottom of

Maximum
Slab BaseLoad Type of efficiency deflectio n

transfer interface Model (%) (psi) (psi) (10 -3 in .)

Aggregate Unbonded KENSLABS 74 169 .6 37 .7 7 . 7
interlock ILLI-SLAB 74 172 .3 38.3 7 . 9

JSLAB 74 166 .6 37 .0 7 . 9
Bonded KENSLABS 72 66 .7 67 .4 6 . 2

ILLI-SLAB 72 66 .8 68 .1 6 . 3
JSLAB 72 66 .9 68 .3 6 . 3

Dowel and Unbonded KENSLABS 43 195 .7 43 .5 9 .4
tie bars ILLI-SLAB 60 185 .7 41 .3 8 . 6

JSLAB 44 193 .2 42 .9 9 . 6
Bonded KENSLABS 41 77 .0 78 .5 7 . 8

ILLI-SLAB 57 71 .9 73 .4 6 . 8
JSLAB 42 77 .1 78 .7 7 .7

Note . 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa.

occurs under the wheel load at the longitudinal edge . It can be seen from Table 5 .5 that
the results obtained by KENSLABS, ILLI-SLAB, and JSLAB all check very well i n
the case of aggregate interlock . However, when dowel and tie bars are used, the ILLI-
SLAB results in higher efficiencies of load transfer and smaller stresses and deflection s
compared to KENSLABS and JSLAB.

Corner Loading The same pavement was analyzed for corner loading with the gri d
shown in Figure 5 .25 . Table 5 .6 is a comparison of results between KENSLABS an d
ILLI-SLAB. The data without parentheses were obtained by KENSLABS, while thos e
within parentheses were obtained by ILLI-SLAB. The results of JSLAB are not shown
because they were not reported by Heinrichs et al. (1989) . As with edge loading, ILLI-
SLAB checks well with KENSLABS in the case of aggregate interlock but results i n
higher joint efficiencies and slightly lower stresses and deflections when the dowel an d
tie bars are used . Therefore, the use of KENSLABS is on the safe side .

Temperature Curling In analyzing temperature curling, it is more reasonable to as-
sume that the slab and subgrade are in partial contact . If the slab is weightless and the
temperature at the top is colder than that at the bottom, the slab will curl up and for m
a spherical surface. There is no contact between the slab and the subgrade except at th e
very center . However, the weight of the slab will cause it to settle, and part of the sla b
in the interior will finally come in contact . If the temperature gradient is small, the en -
tire slab may be in contact with the subgrade . In the finite-element method, the initia l
curling of a weightless slab at each node is first determined, and the deflection at eac h
node due to the weight of slab is then computed . If the deflection of the slab is smaller
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Finite element grid for analyzing corner loading (1 in . = 25 .4 mm) .

TABLE 5 .6 Comparison of Results Based on Corner Loading

Minimum joint efficiency

Maximu m
principal
tensile

stress (psi) Maximum Maximum
Transverse Longitudina lLoad Type of subgrade deflectio n

transfer interface (%) (%) Slab Base stress (psi) (10 -3 in. )

Aggregate Unbonded 85 64 96 .3 21.4 2.4 11 . 8
interlock (86) (65) (97 .9) (21 .8) (2.4) (12 .1 )

Bonded 84 60 52 .9 38 .5 1 .9 9 . 6
(85) (61) (51 .9") (37 .1) (1 .9) (9 .7 )

Dowel and Unbonded 80 34 101 .1 22.5 3 .0 14 . 9
tie bars (88) (50) (93 .6) (20 .8) (2 .6) (13 .1 )

Bonded 79 31 67.0" 38 .1 2.4 12. 1
(87) (47) (52 .2) (35 .2) (2 .1) (10.5)

Note . Numbers without parentheses were obtained by KENSLABS and those within parentheses were obtained by
ILLI-SLAB. Stresses are at the bottom of slab or base unless marked by*, when the critical tensile stress is at top .
1 in . = 25 .4 mm, 1 psi = 6 .9 kPa .
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than the initial curling, the node is not in contact and its reactive force should be set to O .
The process is repeated until the same contact condition is obtained . Similar proce-
dures can be applied when the slab curls down except that the interior of the slab ma y
not be in contact .

Table 5 .7 is a comparison of maximum curling stress based on partial contact .
The slab is 20 ft (6 .1 m) long and 12 ft (3 .7 m) wide, which is similar to the case pre -
sented in Table 5 .2 for full contact with the same material properties and the same mes h
size of 1 ft x 1 ft (0 .3 x 0.3 m). Two different temperature gradients of -3°F/in .
(-0.066°C/mm) and 1 .5°F/in . (0 .033°C/mm) of slab were employed . The negative gra -
dient indicates that the slab curls down and the positive gradient indicates that the sla b
curls up . The maximum curling stress occurs at the center of the slab .

As indicated in Table 5 .7, the curling stresses obtained by KENSLABS are near -
ly the same as those by ILLI-SLAB when the slab curls up, but are slightly smalle r
when the slab curls down . However, the curling stresses obtained by JSLAB are muc h
smaller than those by KENSLABS and ILLI-SLAB .

Recent Development ILLI-SLAB was later extended (and renamed ILLISLAB94 )
to overcome the typical limitations of 2-D programs (Khazanovich, 1994 ; Khazanovich
and Yu, 1996) . Features that distinguish ILLISLAB94 from other programs include a
wide selection of subgrade models and the ability to analyze the effects of separatio n
between pavement layers, linear and nonlinear temperature distribution, and partial-
depth cracks in the concrete layer .

ILLISLAB94 was further improved by ERES (Khazanovich et al., 2000) and re -
named ISLAB2000, with many additional features, including analysis of mismatche d
joints and cracks, improved void-analysis model, convenient graphical input and out -
put processors, automated mesh generator and load placement, batch processing o f
factorial runs, convenient handling of exceptions, and visualization of analysis results.
ISLAB2000 was used for rigid pavement design in the forthcoming 2002 Pavemen t
Design Guide.

TABLE 5 .7 Comparison of Curling Stress Based on Partial Contact

Downward curling (-3°F/in.) Upward curling (1 .5°F/in . )

Slab Subgrade modulus (pci) Subgrade modulus (pci )
thickness

(in .)
Computer

model 50 200 500 50 200 50 0

8 KENSLABS 219 .6 270 .2 284 .6 120 .4 165 .3 182 . 1
ILLI-SLAB 222 .7 283 .2 301 .5 120 .5 165 .3 182 . 1
JSLAB 180 .2 225 .0 233 .8 94 .0 127 .4 133 . 5

10 KENSLABS 193 .3 258 .2 288 .7 107 .3 164.2 191 .6
ILLI-SLAB 198 .7 276 .6 315 .2 107 .2 164.5 191 . 9
JSLAB 160 .4 221 .3 249 .4 84 .7 133 .8 151 . 2

14 KENSLABS 139 .1 203 .3 223 .6 76 .1 133 .0 163 .6
ILLI-SLAB 143 .2 216 .2 240 .1 76 .0 133 .2 163 . 9
JSLAB 116 .0 184 .2 204 .9 60 .1 114.6 141 .7

Note . Curling stress is in psi. 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 pci = 271 .3 kN/m' .
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5 .3.4 Layered Theory

Plate theory is used for the structural analysis of concrete pavements, and the layere d

theory is used to analyze asphalt pavements . When the modulus of elasticity of th e
pavement is much greater than that of the foundation and the load is applied in the in-
terior of pavement far away from edges and corners, both theories should yield abou t
the same results. Therefore, the results obtained by KENLAYER can be used to check
those by KENSLABS .

In the following examples, a large slab, 24 ft (7 .3 m) long, 24 ft (7 .3 m) wide, and 8 in.
(203 mm) thick, is assumed . The concrete has an elastic modulus of 4 x 10 6 psi (28 GPa)
and a Poisson ratio of 0.15 . The foundation is the solid type, with an elastic modulus o f
10,000 psi (69 MPa) and a Poisson ratio of 0.4. A 9000-lb (40-kN) load with a contact pres-
sure of 75 psi (518 kPa) is applied at the center of the slab. In applying KENLAYER, the
contact area is a circle with a radius of 6.16 in . (157 mm); in KENSLABS, a square area with
each side of 10.95 in . (278 mm) is assumed. Figure 5.26 shows the division of the slab into
rectangular finite elements. By symmetry, only one-quarter of the slab need be considered.

Table 5.8 gives a comparison of stresses and deflection between KENSLABS and
KENLAYER . In applying KENLAYER, the pavement is considered as a two-layer
system with a frictionless interface between the concrete and the foundation, which i s
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FIGURE 5 .2 6
Finite-element grid of a large slab with an interior load (1 in . = 25 .4 mm) .
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TABLE 5 .8

	

Comparison of Stresses and Deflection .

Distance (in. )

Parameter 0 12 24 36 48

Radial stress (psi)
KENSLABS 171 .9 58 .6 13 .8 -3 .6 -11 .3
KENLAYER 176 .0 60 .2 14 .5 -3,6 -11 .2
Difference (%) -2 .3 -2 .7 -5 .1 0 1 . 0

Tangential stress (psi)
KENSLABS 171 .9 101 .7 61 .5 37 .9 24 . 1
KENLAYER 176 .0 109 .9 63 .0 38 .9 24 . 8
Difference (%) -2.3 -8 .1 -2 .4 -2 .6 -2. 9

Surface deflection (0 .001 in .)
KENSLABS 9 .16 8 .66 7 .68 6.62 5 .6 3
KENLAYER 9 .53 8 .82 7 .78 6.65 5 .6 4
Difference (%) -4 .0 -1 .8 -1.3 -0 .5 -0 .2

Note . 1 in. = 25 .4 mm, 1 psi = 6 .9 kPa .

similar to a slab on a solid foundation . The radial and tangential stresses and the sur-
face deflections are determined at distances of 0, 12, 24, 36, and 48 in . (0, 0 .30, 0 .61, 0 .91 ,
and 1 .22 m) from the load, which correspond to the first five nodes in the finite -
element grid . The difference is expressed as a percentage, using KENLAYER as a
base. A negative difference implies that the solution by KENSLABS is smaller tha n
that by KENLAYER. It can be seen that the solutions by KENSLABS check very wel l
with those by KENLAYER .

5.4

	

SENSITIVITY ANALYSI S

With the use of KENSLABS, sensitivity analyses were made to determine the effect of
finite-element mesh size and various design parameters on pavement responses .

5 .4.1 Mesh Size

The effect of mesh size is discussed separately for both edge and corner loadings . The
two layers of unbonded slabs with aggregate interlock joints, as discussed in Section 5 .3 .3 ,
were used for analysis . The cross section of the slabs is the same as shown in Figure 5 .23 ,
except that a spring constant of 100,000 psi (690 MPa) was used for the transverse joint
and 31,570 psi (218 MPa) for the longitudinal joint .

Edge Loading Because transverse joints have practically no effect on the critical re-
sponses under edge loading, a two-slab system consisting of a main slab and a tie d
shoulder slab can be used to replace the four-slab system shown in Figure 5 .24 . Three
different mesh sizes, designated as fine, medium, and coarse, were used, as shown i n
Figure 5 .27 . Because of symmetry, only one-half of the slabs need be considered . The
fine mesh is similar to that shown in Figure 5 .24, except that some adjustment wa s
made near to the load . This is necessary because the x axis must pass through the center s
of loaded areas in order to keep symmetry, whereas no such line was used in Figure 5 .24 .
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Fine, medium, and coarse mesh for analysis of edge loading (1 in . = 25 .4 mm) .

It is well known that the maximum edge stress occurs under the center, rather than a t
the edge, of the loaded areas, so the division shown in Figure 5 .27 is more reasonabl e
than that in Figure 5 .24 and results in a greater edge stress.

Table 5 .9 shows the effect of mesh size on the responses under edge loading .
Comparisons were made on the minimum longitudinal joint efficiency, the maximum
tensile stress at bottom of slab and base, the maximum subgrade stress, and the maxi -
mum deflection . The values in parentheses are the ratios with respect to the fine mesh .
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TABLE 5 .9 Effect of Mesh Size on Responses Under Edge Loading .

Maximum tensile
stress (psi) Maximum

Mesh No . of Minimum longitudinal Maximum subgrade deflection
Slab Basesize nodes joint efficiency stress (psi) (10

-3
in . )

Fine 133 73 204 .1 45 .4 1 .57 7 .83
(1 .00) (1 .00) (1 .00) (1 .00)

Medium 60 73 191 .9 42.6 1 .43 7 .1 5
(0 .94) (0 .94) (0.91) (0 .91)

Coarse 36 73 178 .5 39 .7 1 .35 6 .75
(0 .87) (0.87) (0 .86) (0 .86)

Note. 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa .

It can be seen that the coarser the mesh, the smaller the stresses and deflections, so th e
use of coarse mesh is on the unsafe side. Note that the maximum difference betwee n
the coarse mesh with 36 nodes and the fine mesh with 133 nodes is only 14% .

Corner Loading The fine mesh for corner loading is the same as that shown i n
Figure 5 .25, while the medium and coarse meshes are shown in Figures 5 .28 and 5 .29.
The comparisons are presented in Table 5.10 . It can be seen that the results obtained
by the medium and fine meshes check quite well but those obtained by the coars e
mesh are unreasonably small . This is as expected, because one of the slabs is divided
into six finite elements, which is certainly not enough .

O O

– Transverse

47 .5

	

Join t

O
144

120

9 5
85 . 5

76

0
O

O NN O
V sC 00

1 9
9 . 5

12 0

8 0

40

0

Lon
Join

gitudina
t

1 )

Note : Numbers are coordinates in inches.

FIGURE 5 .2 8
Medium finite-element mesh for corner loading (1 in . = 25 .4 mm) .
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5 .4.2 Effect of Some Design Parameters

KENSLABS was used to determine the effect of various design parameters on pave-
ment responses. The responses compared are the edge stress and the corner deflection ,
both of which have been used by PCA (1984) for the design of concrete pavements .
The most critical edge stress occurs when the axle load is applied at the midspan of th e
slab far away from the joints, so without tied concrete shoulders, only one slab is needed
for use in the analysis. The most critical corner deflection occurs when the axle load i s
applied at the joint, so a two-slab system with shear transfer across the joint is neede d
there. The slab is assumed to be 12 ft (3 .66 m) wide . To show the effect of panel length
on stress and deflection, two different lengths, one 15 ft (4 .57 m) and the other 23 ft (7 .0 m) ,
were used .

TABLE 5 .10 Effect of Mesh Size on Responses Under Corner Loading

Minimum joint
efficiency

Mesh

	

Number Transverse

	

Longitudinal
size

	

of nodes

	

(%)

	

(% )

Fine

	

418

	

85

Medium

	

156

	

83

Coarse

	

72

	

82

Note . 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa.

Maximum
principal tensil e

stress (psi) Maximum Maximum
subgrade

stress (psi)
deflectio n
(10 -3 in. )Slab Bas e

96 .3 21 .4 2 .4 11 . 8
(1 .00) (1 .00) (1 .00) (1 .00)
91 .2 20 .3 2 .1 10. 6

(0 .95) (0.95) (0 .89) (0 .89 )
43 .2 9 .6 1 .8 8. 9

(0 .45) (0 .45) (0 .75) (0.75)

6 4

64

64
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Edge Stress Figure 5 .30 shows the division of slab into rectangular finite elements . B y
symmetry, only one-half of the slab need be considered . The standard case consists o f
an 18-kip (80-kN) single-axle load with a dual spacing of 13 .5 in. (343 mm), a whee l
spacing of 77 in . (1 .96 m), and a contact pressure of 75 psi (517 kPa) . The tire imprint i s
9 .3 X 6 .5 in . (236 x 165 mm) and, because of symmetry, only one-half of the length i s
shown, as indicated by the shaded rectangles in the figure. The slab is 8 in . (203 mm )
thick with a Young's modulus of 4 X 106 psi (27 .6 GPa) and a Poisson ratio of 0 .15 . The
foundation has a modulus of subgrade reaction of 100 pci (27 .2 MN/m 3 ) and there i s
no temperature curling.

In addition to the standard case, eight more cases, each with only one parameter dif -
ferent from the standard case, were also analyzed . The results are presented in Table 5 .11 .
In the table, the parameter ratio is the value of the parameter in the given case divide d

by that in the standard case . The stress is the edge stress directly under the axle loa d
and the stress ratio is the ratio of the stresses between the case in question and th e
standard case . It can be seen that in all cases but case 4, the edge stress in the 23-ft (7 .0-m)
slab is smaller than that in the 15-ft (4 .57-m) slab . A separate run of the standard case
for a slab 11.3 ft (3 .45 m) long results in an edge stress of 316 .77 psi (2 .19 MPa), indi-
cating that the 15-ft (4 .57-m) slab is the most critical with the largest edge stress .

Comments on Table 5.1 1

1. Increasing the slab thickness from 8 in . (203 mm) to 10 in. (254 mm) decrease s
the edge stress by 28%, indicating that thickness is very effective in reducing th e
edge stress.
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TABLE 5 .11

	

Sensitivity Analysis of Edge Stress

15-ft slab 23-ft slab

Case

	

Parameter Stress Stress Stress Stres s
ratio (psi) ratio (psi) ratio

Standard case 1 .00 326 .10 1 .00 320 .79 1 .00
1 . Slab thickness, 10 in . 1 .25 233 .13 0 .72 231 .26 0 .7 2
2 . Concrete modulus, 8 x 10 6 psi 2 .00 365 .53 1 .12 363 .69 1 .1 3
3 . Subgrade k, 300 pci 3 .00 265 .21 0 .82 264 .65 0 .8 3
4 .Warpup 0t = 12°F 321 .89 0 .99 322 .02 1 .00
5 . Warpdown Ot = -24°F 354 .56 1 .09 330 .63 1 .0 3
6 . Tandem 284.98 0 .87 282 .34 0 .8 8
7 . Solid foundation, 8-in . slab 329.46 1 .01 325 .31 1 .0 1

Ef = 4000 psi, vf = 0 .3 5
8 . Solid foundation, 10-in . slab 237 .51 0 .73 234 .67 0 .7 3

Ef = 4720 psi, of = 0 .35

Note . 1 psi = 6.9 kPa, 1 in . = 25 .4 mm, 1 pci = 271 .3 kN/m 3, 1 ft = 0 .305 m.

2. Increasing the Young's modulus of concrete from 4 X 106 psi (27.6 GPa) to
8 x 10 6 psi (55 .2 GPa) increases the edge stress by only 12 to 13% . Because the in -
crease in stress is much smaller than the increase in strength resulting from th e
higher modulus, the use of high-quality concrete for the slab has a beneficial effect .

3. Increasing the modulus of subgrade reaction from 100 pci (27 .2 MN/m3 ) to 300 pci
(81.5 MN/m3 ) decreases the edge stress by only 17 to 18% . It is uneconomical to
improve the subgrade modulus just for the purpose of reducing the edge stress . The
stress can be reduced more effectively by simply increasing the slab thickness .

4. When the temperature at the bottom of slab is 12°F (6 .7°C) higher than that at the
top, the slab curls up, causing the loss of subgrade contact at the slab edge. This los s
of subgrade contact has a significant effect on the stresses due to loading in th e
transverse direction, but little effect on the edge stress in the longitudinal direction .
In fact, the stress in the 15-ft (4 .57-m) slab actually decreases, in response to the
transfer of subgrade reaction from the edge to the interior of the slab .

5. When the temperature on the top of the slab is 24°F (13 .3°F) higher than that at
the bottom, the slab curls down, causing the loss of subgrade contact at th e
interior of the slab . The edge stress due to loading increases about 9% in the 15-f t
(4.57-m) slab and 3% in the 23-ft (7.0-m) slab. This increase is caused by the trans-
fer of subgrade reaction from the interior to the edge of slab, thus resulting i n
greater edge stress in the longitudinal direction .

6. When the slab is subjected to a 36-kip (160-kN) tandem-axle load, as indicated by
the unshaded rectangles in Figure 5 .30, the maximum edge stress occurs under
the tandem axles . The negative moment caused by the other axle, makes the edg e
stress due to tandem axles smaller than that due to a single axle .

7. The standard case of liquid foundation is equivalent to a solid foundation with a n
elastic modulus of 4000 psi (27 .6 MPa) and a Poisson ratio of 0 .35, as indicated by
Eq. 5 .6 . The edge stress obtained for the liquid foundation checks well with that
for the solid foundation .
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8. When the thickness of slab is increased by 10 in . (254 mm), the elastic modulus o f
solid foundation should be 4720 psi (32 .6 MPa) according to Eq . 5 .6 . The edg e
stress based on the solid foundation also agrees reasonably well with case 1 ,
based on the liquid foundation .

Corner Deflection Figure 5 .31 shows the finite element mesh for a two-slab syste m
under an 18-kip (80-kN) single-axle load applied at the joint, as indicated by the shade d
rectangles . The standard case is the same as that for the analysis of edge stress with th e
following information on the doweled joint : dowel spacing, 12 in . (305 mm) ; dowel di-
ameter, 1 .0 in . (25 .4 mm); modulus of dowel support, 1 .5 x 106 pci (407 GN/m3 ) ; and
joint width, 0 .125 in . (3 .18 mm) . In addition to the standard case, thirteen more case s
were analyzed, with the results tabulated in Table 5 .12 . Unless noted otherwise, the re-
sults are based on the 15-ft (4 .6-m) slabs . It was found that the same results were ob-
tained for the 23-ft (7 .0-m) slabs, indicating that the length of slab has practically n o
effect on corner deflections.

Comments on Table 5.12

1. Increasing the slab thickness by 25% decreases the corner deflection by onl y
18%, indicating that thickness is not as effective in reducing the corner deflectio n
as in reducing the edge stress.

2. Increasing the Young's modulus of concrete decreases the corner deflection ,
which is in contrast to the increase in edge stress .

3. A threefold increase in the modulus of subgrade reaction reduces the corner de-
flection by 50% . Compared to the 18% reduction in edge stress, the improvemen t
of subgrade is more effective in reducing the corner deflection .

4. Increasing the dowel diameter by 50% decreases the corner deflection by onl y
3%. However, large dowels reduce the bearing stress between dowel and con-
crete and prevent the faulting of joints .

5. Reducing the modulus of dowel support by one order of magnitude from 1 .5 X 10 6
to 1 .5 X 105 pci (407 to 40 .7 GN/m3 ) increases the corner deflection by 17% .

6. The looseness of dowels (a gap of 0 .01 in . (0.25 mm) between dowel and con-
crete) increases the corner deflection by 14% .

7. The application of an additional 18-kip (80-kN) single-axle load, as indicated b y
the unshaded rectangles in Figure 5 .31, to form a 36-kip (160-kN) tandem-axle
load increases the corner deflection by 30% . The fact that the tandem-axle load
decreases the edge stress by 13% but increases the corner deflection by 30% ca n
well explain why single-axle loads are usually more critical in fatigue analysis an d
tandem-axle loads are more critical in erosion analysis (PCA, 1984) .

8. The upward curling of the 15-ft (4 .6-mm) slab by a temperature differential o f
12°F (6 .7°C) increases the corner deflection by 11% . The deflection is measured
from the curled position . The actual deflection of the subgrade is only 0.0241 in .
(0 .61 mm) due to the existence of a gap of 0 .0150 in . (0 .38 mm) prior to loading.

9. It was originally suspected that longer slabs would have more curling at the corne r
and thus result in greater corner deflections due to loading . However, a comparison
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TABLE 5 .12

	

Sensitivity Analysis of Corner Deflection .

Case Parameter
ratio

Deflection
(in.)

Deflectio n
rati o

Standard case 1 .00 0 .0353 1 .0 0
1 . Slab thickness, 10 in . 1 .25 0 .0291 0 .8 2
2 . Concrete modulus, 8 X 10 6 psi 2 .00 0 .0289 0 .8 2
3 . Subgrade k = 300 pci 3 .00 0 .0177 0 .5 0
4 . Dowel diameter, 1 .5 in. 1 .50 0 .0343 0 .9 7
5 . Modulus of dowel support, 1 .5 X 10' pci 0 .10 0 .0413 1 .1 7
6 . Gap between dowel and concrete, 0 .01 in . 0 .0404 1 .1 4
7 . Tandem 0 .0458 1 .3 0
8 . Warpup At = 12°F (15-ft slab) 0 .0391 1 .1 1
9 . Warpup At = 12°F (23-ft slab) 0 .0391 1 .1 1

10 . Warpdown At = -24°F (15-ft slab) 0 .0366 1 .0 4
11 . Warpdown At = -24°F (23-ft slab) 0 .0361 1 .0 2
12 . Solid foundation, 8-in . slab, Ef = 6400 psi, of = 0.35 0 .0362 1 .0 3
13 . Solid foundation, 10-in . slab, Ef = 7560 psi, of = 0 .35 0 .0288 0 .82

Note. 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 pci = 271 .3 kN/m 3 , 1 ft = 0 .305 m .

between cases 8 and 9 indicates that this is not true . Although the initial curling of
a weightless slab is greater for longer slabs, the final curling is nearly the sam e
due to the greater weight of longer slabs . Consequently, when the slabs curl up ,
the corner deflection is not affected by the length of slab .

10. When the slabs curl down under a temperature differential of 24°F (13 .3°C), the
corner deflection of the 15-ft (4 .6-m) slab increases by 4% . This increase is cause d
by the loss of subgrade contact in the interior of the slab . Without the subgrad e
reaction to pull the slab down and counteract the corner loading, the deflection a t
the corner will increase.

11. Under the same temperature gradient as in case 10 for the 15-ft (4 .6-m) slab, th e
corner deflection of the 23-ft (7 .0-m) slab increases by only 2% . The smaller in -
crease in longer slabs is reasonable, because the interior of longer slabs is farthe r
from the corner and the loss of subgrade contact in the interior should have onl y
a small effect on the corner deflection .

12. The standard case of liquid foundation is equivalent to a solid foundation with a n
elastic modulus of 6400 psi (44.2 MPa) and a Poisson ratio of 0 .35, as indicated by
Eq. 5 .7 . The corner deflection obtained by the liquid foundation checks reason -
ably with that by the solid foundation .

13. Based on Eq. 5 .7, the elastic modulus of solid foundation should be 7560 ps i
(52 .2 MPa) for a 10-in . (254-mm) slab . The corner deflection based on the solid foun -
dation also checks really well with that in case 1 based on the liquid foundation .

SUMMARY

This chapter presents the finite-element method for analyzing concrete slabs on liquid ,
solid, or layer foundations and describes the KENSLABS computer program .
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Important Points Discussed in Chapter 5

1. KENSLABS can be applied to three different types of foundation : liquid, solid ,
or layer. The liquid foundation, even though very unrealistic, has been used mos t
frequently because of its simplicity and because it requires less computer tim e
and storage. With the availability of personal computers, it is no longer necessar y
to use liquid foundations. The more realistic solid foundations should be used i f
the slabs are placed directly on the subgrade. If the slabs are placed on one o r
more layers of granular materials, the use of layer foundations is recommended .

2. The modulus of subgrade reaction k used in liquid foundations is a fictitiou s
property not characteristic of soil behaviors. It is not possible to find a single k
value that will match both the stresses and deflections in slabs on liquid founda -
tions and those on solid foundations . However, if the design is based on the max -
imum stress or deflection under a single-axle load, it is possible to replace the
solid foundation with a fictitious k, using Eq. 5 .5 for interior stress, Eq . 5 .6 for
edge stress, and Eq. 5 .7 for corner deflection, thus resulting in a large saving on
computer time and storage .

3. The overall stiffness matrix is obtained by adding the stiffness matrices of slabs ,
foundation, and joints. The resulting simultaneous equations are solved by th e
Gauss elimination method. If the dimension of the overall stiffness matrix ex-
ceeds the limit, an iterative method is activated automatically to solve the simul -
taneous equations .

4. The stiffness of joint is computed from a shear spring constant and a momen t
spring constant . The moment spring constant should be specified as 0 if there i s
visible opening at the joint . The shear spring constant can be entered directly o r
computed from the size and spacing of dowel bars and other joint information .
A gap can be specified between the spring or dowel and the concrete .

5. The stresses and deflections due to temperature curling can be obtained by as-
suming that the slab is initially curled into a spherical surface and then subjecte d
to the subgrade reactions at the nodes .

6. The finite element method is particularly suited for analyzing slabs not in ful l
contact with the subgrade by simply setting the reactive forces at those nodes no t
in contact to zero. For liquid foundations, whether a node is in contact with the
subgrade is based on the deflection of the slab compared with the gap or pre -
compression of the subgrade . However, for solid or layer foundations if the sla b
and subgrade are in contact, the reactive force should not be in tension .

7. The analysis of partial contact under wheel loads by KENSLABS involves two
steps. First, determine the gaps and precompressions between slab and founda-
tion due to weight, temperature curling, and gaps, if any . Then, using the gaps and
precompressions thus computed, determine the stresses and deflections under
the wheel loads .

8. KENSLABS can be applied to a maximum of 6 slabs, 7 joints, and 420 nodes . If
the slabs and loadings exhibit symmetry, only one-half or one-quarter of the sla b
need be considered . Thus, a large amount of computer time can be saved .

9. Results obtained by KENSLABS compare favorably with those from analytica l
solutions, influence charts, and the ILLI-SLAB model . When the load is applied
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in the interior of a slab, good agreement also exists between KENSLABS and
KENLAYER solutions .

10. The size of finite element mesh has a significant effect on the results obtained .
Therefore, the selection of an appropriate mesh requires careful consideration . It
is really not necessary to use a very fine mesh . Satisfactory results can be ob-
tained if a fine mesh is used near the load and a rather coarse mesh away fro m
the load.

11. Sensitivity analyses were made to determine the effect of various parameters o n
the edge stress and corner deflections for slabs on liquid foundations . An interest-
ing finding is that the upward curling of slab has only a small effect on the edg e
stress due to loading, but has a significant effect on the corner deflection, whil e
downward curling causes a slight increase in both edge stress and corner deflection .

PROBLEM S

Note : On the Editor screen of KENPAVE, there is an Examples menu with six examples (SLA 1
to SLA6) . It is suggested that these examples be carefully studied before working on the follow -
ing problems . Both English and SI units can be used, so it is suggested that some of these prob -
lems be converted to SI units and run with KENSLABS. The following material properties ar e
assumed for problems 5-3 to 5-22 : modulus of elasticity of concrete = 4 x 1 0 6 psi, Poisson ratio
of concrete = 0 .15, modulus of elasticity of steel = 29 x 10 6 psi, Poisson ratio of steel = 0 .3 ,
modulus of dowel support = 1 .5 x 10 6 pci, and coefficient of thermal expansion of concrete =
5 X 10-6 in ./in ./°F .

5.1 A 7-in . concrete pavement with an elastic modulus of 4 x 10 6 psi psi is subjected to a
wheel load with a bending stress of 400 psi, as shown in Figure P5 .la . What is the bending
moment per in . width of the slab? Assuming that the moment remains the same after plac -
ing a 3-in . hot mix asphalt with an elastic modulus of 7 x 10 5 psi as an overlay, as shown in
Figure P5 .lb, what will be the maximum tensile stress in the concrete and the maximu m
compressive stress in the hot mix asphalt when both layers are bonded? [Answer : 3267
in .-lb/in ., 305 psi, and 85 .4 psi] .

400 psi
f= ?

400 psi

(a)

M=?

Bonde d

(b )

M

FIGURE P5 . 1

5 .2 Same as Problem 5 .1, except that both layers are unbonded, as shown in Figure P5 .2 ,
and the Poisson ratios are 0 .4 for the hot mix asphalt and 0 .15 for the concrete. Wha t
will be the maximum stress in the concrete and in the hot mix asphalt? [Answer : 394
and 34 psi] .



Problems 23 7

FIGURE P5 . 2

5.3 Determine the curling stresses during the day at points A, B, and C of a finite slab shown
in Figure P5 .3a using one-quarter of the slab . The slab has a thickness of 8 in . and is sub-
jected to a temperature gradient of 3°F per inch of slab . The modulus of subgrade reaction
is 50 pci. [Answer : 214 .2, 207 .4, and 57 .8 psi based on the mesh shown in Figure P5 .3b ,
which checks with Problem 4 .lb]

20 ft

cry – ? o = ?

4C

	

-.E-o—>
h=8in. A
k=50viB 6 = ?
	 o> -

0t = -24°F I	
loft
	 ,

II

(a)

FIGURE P5 . 3

5 .4 Figure P5 .4a shows a concrete slab, 10 in . thick, supported by a subgrade with a modulus o f
subgrade reaction of 200 pci . A 12,000-lb dual-wheel load (each wheel 6000 lb) spaced a t
14 in. on centers is applied at the corner of the slab . The contact pressure is 80 psi .

120

h= 10 in .
k = 200 pci
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Determine the maximum stress in the concrete . [Answer : 174 .6 psi at node 20 based on th e
mesh shown in Figure P5 .4b, which checks with Problem 4 .2]

5 .5 The pavement and loading are the same as in Problem 5 .4, but the load is applied in the interio r
of an infinite slab, as shown in Figure P5 .5a. Determine the maximum stress in the slab usin g
one-quarter of the slab. [Answer : 128.4 psi at node 2 based on the mesh shown in Figure P5 .5b ,
which is slightly smaller than the 139 .7 psi in Problem 4 .3 based on equivalent area]

h = 10 in .

	

k = 200 pc i

( ) 60001b
l	 	 80 psi
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FIGURE P5 .5
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84

	

120

Symmetry

(b)

5 .6 Same as Problem 5 .4, except that the load is applied at the slab edge, as shown i n
Figure P5 .6a. Determine the maximum stress using one-half of the slab . [Answer : 251 .4 ps i
at node 1 based on the mesh shown in Figure P5 .6b, which checks with Problem 4 .4 ]

h = 10 in .

k = 200 pci

a = ?

(a)

8 18 30

	

54

	

84

	

120

(b)

120

84

30
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FIGURE P5 . 6

5 .7 Figure P5 .7a shows a set of dual-tandem wheels with a total weight of 40,000 lb (10,000 pe r
wheel), a tire pressure of 100 psi, a dual spacing of 20 in ., and a tandem spacing of 40 in .
The concrete slab is 8 in. thick, with a modulus of subgrade reaction of 100 pci . Determin e
the interior stress at point A in the y direction under the center of the dual-tandem wheels
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k = 100 pci
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Symmetr y
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(b)

FIGURE P5 . 7

using one-quarter of the slab . [Answer : 299 .3 psi in the y direction based on the mes h
shown in Figure P5 .7b, which checks with Problem 4 .6 ]

5.8 Same as Problem 5 .7, except that the outside wheels are applied at the slab edge, as shown i n
Figure P5 .8a. Determine the edge stress at point A in an infinite slab using one-half of the slab .
[Answer : 314 .8 psi based on the mesh shown in Figure P5 .8b, which checks with Problem 4 .7] .

1	 Node 15

FIGURE P5 . 8

5 .9 A concrete slab, 40 ft long, 11 ft wide, and 9 in. thick, is placed on a subgrade having a mod-
ulus of subgrade reaction of 200 pci . The pavement is subject to a temperature differential
of 1 .5°F per in . at night when a 9000-lb single-axle load is applied on the edge of the sla b
over a circular area with a contact pressure of 100 psi, as shown in Figure P5 .9a . Determine
the combined stress due to curling and loading at the edge beneath the load, using one -
half of the slab . [Answer : 158 .3 psi based on the mesh shown in Figure P5 .9b, which checks
with Problem 4 .8c]

5.10 A concrete slab has a width of 12 ft, a thickness of 10 in ., and a modulus of subgrade
reaction of 300 pci . Two 1-ft x 1-ft loaded areas, each weighing 12,000 lb and spaced at
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(b )

6 ft apart, are applied at the joint with the outside loaded area adjacent to the pave-
ment edge, as shown in Figure P5 .10a . Determine the maximum bearing stress betwee n
concrete and dowel. The joint has an opening of 0.25 in . and the dowels are 1 in. in

h = 10 in .
12,0001b 1	 _
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diameter and 12 in . on centers . [Answer : 4530 psi based on the mesh shown in
Figure P5 .10b] .

5.11 Same as Problem 5 .10, but using a mesh such that the location of the nodes are in line with
the dowels, as shown in Figure P5 .11 . Determine the maximum bearing stress betwee n
dowel and concrete, the maximum bending stress in the concrete slab, and the maximu m
deflection of the slabs. [Answer : 4043 psi, 170.8 psi, 0 .0228 in . ]
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1 8
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12090 108 120
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13 8
12 6

11 4

102
C

FIGURE P5 .1 1

5 .12 Same as Problem 5 .10, except that a gap of 0.01 in. exists between dowel and concrete.
[Answer : 3829 psi]

5.13 Same as Problem 5 .10, except that each of the 12,000-lb wheels is considered as a concen -
trated load and placed at a distance of 2 .5 ft from edge, as shown in Figure P5 .13a.

0M
0 .25 in .

(a )

12,000 lb concentrated load

90 108120 12 30
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(b) FIGURE P5 .1 3
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Determine the maximum bearing stress between concrete and dowel using one-half of the
slabs . [Answer : 2267 psi based on the mesh shown in Figure P5 .13b ]

5.14 Same as Problem 5 .13, but using a mesh such that the location of the nodes is in line wit h
the dowels, as shown in Figure P5 .14 . [Answer: 2284 psi]

5.15 Same as Problem 5 .13, except that a gap of 0 .01 in . exists between dowel and concrete .
[Answer: 1656 psi]
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FIGURE P5 .1 4

5.16 A slab track with an 8-in . continuous reinforced concrete is placed on a subgrade with a k
value of 150 pci . The rail is supported on 7-in . X 12-in . pads . The design load consists o f
four wheels, each weighing 12,600 lb . By considering one-quarter of the slab, as shown i n
Figure P5 .16, determine the maximum stress in the concrete . [Answer : 283 .8 psi]
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FIGURE P5 .1 6

5.17 Similar to Problem 5 .11, except that the liquid foundation is replaced by a solid foundatio n
with an elastic modulus of 16,000 psi and a Poisson's ratio of 0 .4. Compare the results with
Problem 5 .11, and comment on the results. [Answer : 3087 psi, 185 .3 psi, 0 .0225 in . ]

5 .18 As in Example 3, determine the maximum stress and deflection of the slab, assuming partia l
contact . Run KENSLABS in two steps. In the first step, consider the weight of slab only with
INPUT = 0, NCYCLE = 10, and NWT = 1 ; in the second step, consider the load onl y
with INPUT = 1, NCYCLE = 10, and NWT = O . [Answer : 226 .3 psi, 0 .05384 in.]
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5.19 Similar to Example 4: if the user-specified criteria are used with F2 = 17 .61, what should
be the value of Fl so that the same design life as in Example 4 can be obtained? What per -
centage of damage is contributed to the secondary cracking index? What conclusions ca n
you draw from the analysis? [Answer : 14.75, less than 0 .1% 1

5 .20 Rework Example 5, using two slabs, by considering symmetry with respect to the x axi s
along the joint . Use either the upper or lower part of the slabs and a reasonably fine finite -
element grid to make the results more realistic . It is assumed that the subgrade pumpin g
causes a gap of 0.05 in . along the pavement edge and the transverse joint . Determine th e
maximum flexural stress in the slab and the maximum bearing stress between dowel an d
concrete. [Answer : 459.4 psi and 2408 psi]

5 .21 Same as Problem 5 .13, but the liquid foundation is replaced by a solid foundation with an
elastic modulus of 15,000 psi and a Poisson's ratio of 0 .4. [Answer : 2050 psi]

5 .22 Same as Problem 5 .14, but the liquid foundation is replaced by a solid foundation with an
elastic modulus of 15,000 psi and a Poisson's ratio of 0 .4 . [Answer : 2063 psi]
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6 .1

	

DESIGN PROCEDURE S

Traffic is the most important factor in pavement design . The consideration of traffic
should include both the loading magnitude and configuration and the number of loa d
repetitions . There are three different procedures for considering vehicular and traffic
effects in pavement design : fixed traffic, fixed vehicle, and variable traffic and vehicle .

6 .1 .1

	

Fixed Traffi c

In fixed traffic, the thickness of pavement is governed by a single-wheel load, and th e
number of load repetitions is not considered as a variable . If the pavement is subjecte d
to multiple wheels, they must be converted to an equivalent single-wheel load (ESWL )
so that the design method based on a single wheel can be applied . This method ha s
been used most frequently for airport pavements or for highway pavements with heav y
wheel loads but light traffic volume . Usually, the heaviest wheel load anticipated i s
used for design purposes. Although this method is rarely in use today for pavement de-
sign, the concept of converting multiple-wheel loads to a single-wheel load is important
and is discussed in Section 6 .2 .

6 .1 .2

	

Fixed Vehicl e

In the fixed vehicle procedure, the thickness of pavement is governed by the number o f
repetitions of a standard vehicle or axle load, usually the 18-kip (80-kN) single-axl e
load. If the axle load is not 18 kip (80 kN) or consists of tandem or tridem axles, it mus t
be converted to an 18-kip single-axle load by an equivalent axle load factor (EALF) .
The number of repetitions under each single- or multiple-axle load must be multiplie d
by its EALF to obtain the equivalent effect based on an 18-kip (80-kN) single-axl e
load. A summation of the equivalent effects of all axle loads during the design perio d
results in an equivalent single-axle load (ESAL), which is the single traffic paramete r
for design purposes. The great varieties of axle loads and traffic volumes and their
intractable effects on pavement performance require that most of the design method s

244
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in use today be based on the fixed-vehicle concept . Details about the equivalent

axle load factor are discussed in Section 6 .3 .

6 .1 .3 Variable Traffic and Vehicle

For variable traffic and vehicles, both traffic and vehicle are considered individually, s o
there is no need to assign an equivalent factor for each axle load . The loads can be di-
vided into a number of groups, and the stresses, strains, and deflections under each load
group can be determined separately and used for design purposes . This procedure is
best suited for the mechanistic methods of design, wherein the responses of pavemen t
under different loads can be evaluated by using a computer . The method has long been
employed by the PCA with the use of design charts and is discussed in Section 12 .2 .

6.2

	

EQUIVALENT SINGLE-WHEEL LOAD

The study of ESWL for dual wheels was first initiated during World War II when the B-2 9
bombers were introduced into combat missions. Because the design criteria for flexibl e
airport pavements then available were based on single-wheel loads, the advent of thes e
dual-wheel planes required the development of new criteria for this type of loading . Nei -
ther time nor economic considerations permitted the direct development of such criteria .
It was necessary, therefore, to relate theoretically the new loading to an equivalent single -
wheel load, so that the established criteria based on single-wheel loads could be applied .

The ESWL obtained from any theory depends on the criterion selected to com-
pare the single-wheel load with multiple-wheel loads . Using Burmister's two-layer theo -
ry, Huang (1969c) conducted a theoretical study on the effect of various factors on
ESWL by assuming that single and dual wheels have the same contact pressure . Similar
studies were made by Gerrard and Harrison (1970) on single, dual, and dual-tande m
wheels by assuming that all wheels have equal contact radii . It was found that the use of
different criteria, based on stress, strain, or deflection, plays an important role in deter -
mining ESWL and, regardless of the criterion selected, the ESWL increases as the pave -
ment thickness and modulus ratio increase or the multiple-wheel spacing decreases. In
this section, some simple theoretical methods for determining ESWL of flexible pave-
ments are presented . The determination of ESWL for rigid pavements can be made b y
comparing the critical flexural stress in the concrete and is not presented here.

The ESWL can be determined from theoretically calculated or experimentall y
measured stress, strain, or deflection . It can also be determined from pavement distres s
and performance such as the large-scale WASHO and AASHO road tests (HRB, 1955 ,
1962) . Any theoretical method can be used only as a guide and should be verified by per -
formance. This is particularly true for the empirical methods of design in which th e
ESWL analysis is an integral part of the overall design procedure . Erroneous results may
be obtained if different ESWL methods are transposed for a given set of design curves.

6 .2 .1

	

Equal Vertical Stress Criterio n

Working from a theoretical consideration of the vertical stress in an elastic half-space,
Boyd and Foster (1950) presented a semirational method for determining ESWL, which
had been used by the Corps of Engineers to produce dual-wheel design criteria fro m
single-wheel criteria. The method assumes that the ESWL varies with the pavement
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FIGURE 6 . 1

ESWL based on equal vertical subgrade stress .

thickness, as shown in Figure 6 .1 . For thicknesses smaller than half the clearance betwee n
dual tires, the ESWL is equal to one-half the total load, indicating that the subgrade ver-
tical stresses caused by the two wheels do not overlap . For thicknesses greater than twice
the center to center spacing of tires, the ESWL is equal to the total load, indicating that
the subgrade stresses due to the two wheels overlap completely. By assuming a straight -
line relationship between pavement thickness and wheel load on logarithmic scales, th e
ESWL for any intermediate thicknesses can be easily determined . After the ESWL for
dual wheels is found, the procedure can be applied to tandem wheels .

Instead of plotting, it is more convenient to compute the ESWL by

0.301 log(2z/d )
log(ESWL) = log Pd +

log(4Sa/d)

	

(6 .1 )

Pd P d No stress overla p
if pavement thickness
is smaller than

2

Complete stres s
overlap if
pavement thicknes s
is greater than 2S d
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in which Pd is the load on one of the dual tires, z is the pavement thickness, d i s
the clearance between dual tires, and Sd is the center to center spacing betwee n
dual tires.

Example 6 .1 :

A set of dual tires has a total load 2Pd of 9000 lb (40 kN), a contact radius a of 4 .5 in. (114 mm) ,
and a center to center tire spacing S d of 13 .5 in . (343 mm), as shown in Figure 6 .2a . Determine th e
ESWL by Boyd and Foster's method for a 13 .5-in . (343-mm) pavement .

4500 lb

	

4500 l b
4 .5 in .

	

13 .5 in .

	

4.5 in .

E l = E2

	

13 .5 in .

E 2

	

(a)
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5
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2
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3
2.25
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7
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13 .5
Pavement Thickness, in.

5 020 3 0
27

(b)

FIGURE 6 . 2
Example 6.1 (1 in . = 25 .4 mm, 1 lb = 4 .45 N) .
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Solution: Given Sd = 13 .5 in . (343 mm) and a = 4 .5 in. (114 mm), the clearance between th e
duals d = 13 .5 — 9 .0 = 4 .5 in. (114 mm) . When the thickness of pavement is equal to d/2, or 2 .25
in . (57 mm), ESWL = Pd = 9000/2 = 4500 lb (20 kN) . When the thickness is equal to 2 S d or 27
in . (689 mm), ESWL = 2 Pd = 9000 lb (40 kN) .After plotting thickness versus ESWL in Figure 6 .2b ,
the ESWL for a 13 .5 in. (343 mm) pavement is 7400 lb (32 .9 kN) . The ESWL can also be
determined from Eq . 6 .1 or log(ESWL) = log 4500 + 0 .301 log(2 x 13 .5/4 .5)/log(4 X 13 .5 /
4.5) = 3 .87, or ESWL = 7410 lb (33 .0 kN) .

The vertical stress factor o- /q presented in Figure 2 .2 can be used to determin e
the theoretical ESWL based on Boussinesq's theory. Figure 6 .3 shows a pavement of
thickness z under single and dual wheels that have the same contact radius a . The max-
imum subgrade stress under a single wheel occurs at point A with a stress factor o f
Qz lg s , where q s is the contact pressure under a single wheel . The location of the maxi -
mum stress under dual wheels is not known and can be determined by comparing th e
stresses at three points : point 1 under the center of one tire, point 3 at the cente r
between two tires, and point 2 midway between points 1 and 3 . The stress factor at each
point is obtained by superposition of the two wheels, and the maximum stress facto r
a/q d is found, where q d is the contact pressure under dual wheels . To obtain the
same stress,

qs

	

sq

=
qa q

d

For the same contact radius, contact pressure is proportioned to wheel load, or

Ps_ 0-Ad_

Pd

	

o-z lgs

in which Ps is the single-wheel load (which is the ESWL to be determined) and Pd is th e
load on each of the duals .

z

FIGURE 6 . 3
Location of maximum vertical
stress or deflection on subgrade .
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Example 6.2 :
Same as Example 6.1 and Figure 6 .2a . Determine the ESWL by Boussinesq's theory.

TABLE 6 .1

	

Stress Factors Under Dual Wheel s

Left wheel Right whee l

Point no .

	

r/a o- Iq, r/a o- Iqs Sum Qzlgd

1

	

0 0 .143 3 0 .030 0.17 3
2

	

0 .75 0 .126 2.25 0 .053 0.17 9
3

	

1 .5 0 .088 1 .5 0 .088 0.176

Solution: With z/a = 13.5/4 .5 = 3, the stress factors can be obtained from Figure 2 .2 and the
results for dual wheels are presented in Table 6 .1 . It can be seen that the stresses at the thre e
points are nearly the same with a maximum stress factor of 0.179 at point 2, which is slightly
greater than the minimum of 0 .173 at point 1 . For a single wheel, the stress factor at point A is
0.143 . From Eq. 6 .3, ESWL = PS = 0.179/0.143 x 4500 = 5630 lb (25 .1 kN), which differs signif-
icantly from the 7410 lb (32 .9 kN) by Boyd and Foster's method . Although the original concep t
conceived by Boyd and Foster was based on the vertical subgrade stress, the method is more or les s
empirical in nature and, depending on the pavement thickness and the loading configuration ,
might not check well with the theoretical method based on Boussinesq stress distribution . However,
the method gives an ESWL greater than the theoretical value and is therefore on the safe side .

6 .2 .2 Equal Vertical Deflection Criterio n

After the application of Boyd and Foster's method and the subsequent completion o f
accelerated traffic tests, it was found that the design method was not very safe, and an
improved method was developed by Foster and Ahlvin (1958) . In this method, th e
pavement system is considered as a homogeneous half-space and the vertical deflec-
tions at a depth equal to the thickness of the pavement can be obtained from Boussi-
nesq solutions . A single-wheel load that has the same contact radius as one of the dual
wheels and results in a maximum deflection equal to that caused by the dual wheels i s
the ESWL .

The vertical deflection factor F presented in Figure 2 .6 can be used to determine
ESWL. Much as in the case of vertical stress, the deflection factors Fs at point A unde r
the single wheel and Fd at points 1, 2, and 3 under the duals, as shown in Figure 6 .3, are
determined. The deflection can then be expressed as

q5 a

w= Fs

	

E s

qdawd = E Fd

in which the subscript s indicates single wheel and d indicates dual wheels . The deflec-
tion factor Fd is obtained by superposition of the duals . To obtain the same deflection ,

and

(6 .4a)

(6 .4b )
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Ws = Wd, or

g s FS = gdFd

For the same contact radius, contact pressure is proportional to wheel load :

F
ESWL =PS = Fd1 dFs

Example 6 .3 :

Same as Example 6 .1 and Figure 6 .2a . Determine the ESWL by Foster and Ahlvin's method .

TABLE 6 .2 Deflection Factors Under Dual Wheels for a
Homogeneous Half-Spac e

Left wheel Right whee l

Point no . r/a Fs rla Fs Sum Fd

1 0 0.478 3 0 .263 0 .741
2 0 .75 0 .443 2 .25 0 .318 0 .76 1
3 1 .5 0.390 1 .5 0 .390 0 .780

Solution: The chart shown in Figure 2 .6 can be used to determine vertical deflections. The
deflection factors F at the three points shown in Figure 6 .3 are calculated and presented in
Table 6 .2 . The maximum deflection due to dual wheels occurs at point 3 with a deflection facto r
of 0 .78. The maximum deflection due to a single wheel occurs under the center of the tire with a
deflection factor of 0.478 . From Eq . 6 .6, ESWL = 0.78/0.478 x 4500 = 7340 lb (32 .7 kN), which
checks with the 7410 lb (32 .9 kN) obtained in Example 6 .1 by Boyd and Foster's method. The
close agreement between the two methods is a coincidence . Depending on the pavement thick-
ness and the geometry of wheel loads, Foster and Ahlvin's method may yield a much greate r
ESWL than Boyd and Foster's method .

Although the improved method by Foster and Ahlvin results in a larger pave-
ment thickness, which is more in line with traffic data than the earlier method by Boy d
and Foster, the assumption of a homogeneous half-space instead of a layered system i s
not logical from a theoretical viewpoint . From the data presented by Foster and Ahlvi n
(1958), Huang (1968b) indicated that the improved method was still not safe, as evi-
denced by the fact that some of the pavements with thicknesses greater than those ob -
tained by the method were considered inadequate or on the borderline. Since the
ESWL for layered systems is greater than that for a homogeneous half-space, Huan g
(1968b) suggested the use of layered theory and presented a simple chart for deter -
mining ESWL based on the interface deflection of two layered systems, as shown i n
Figure 6 .4 . Given contact radius a, pavement thickness hi , modulus ratio Et/E2 , and
dual spacing S d , the chart gives a load factor

	

L _ Total load _ 2Pd

	

(6 .7a )
ESWL

	

Ps
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The ESWL can also be determined from the deflection factors presented in
Figure 2 .19 by following the same procedure illustrated in Example 6 .3 . However, the
use of the chart shown in Figure 6 .4 is much quicker . The chart is based on a dual spac -
ing S d of 48 in . (1 .22 m). If the actual spacing is different, it must be changed to 48 in .
(1 .22 m), and the values of a and hi changed proportionally. As long as S d /a and h i /a
remain the same, the load factor will be the same . The upper chart is for a contac t
radius of 6 in . (152 mm) and the lower chart is for a contact radius of 16 in . (406 mm) .
The load factor for any other contact radius can be obtained by a straight-line interpo -
lation. The procedure can be summarized as follows :

1. From the given Sd, h l , and a, determine the modified radius a' and the modifie d
thickness h'1 by

a ' = 4a
Sd

4 8
hl = S h l

	

(6 .9b)
S d

2. Using h'1 as the pavement thickness, find load factors L 1 and L2 from the chart .
3. Determine the load factor L from

a' — 6
L=L1_(L1—L2) 10

and ESWL from Eq . 6.7b .

Example 6 .4 :

Same as Example 6 .1 but the pavement is considered as a two-layer system, as shown in Figure 6 .5.
Determine the ESWL by equal interface deflection criterion for Ei/E2 of 1 and 25, respectively .

4500 Ib 13
.5 in .

	

4500 lb

(6 .9a )

(6 .10)

4 .5 in .

	

4 .5 in .

E l = E2 or 25E2 13 .5 in .

E2

FIGURE 6 . 5
Example 6 .4 (1 in. = 25 .4 mm, 1 lb = 4 .45) .

Solution: Given S d = 13 .5 in . (343 mm), a = 4 .5 in . (114 mm), and h i = 13 .5 in . (343 mm) ,
from Eq . 6 .9, a' = 48/13 .5 x 4 .5 = 16 in . (406 mm) and hi = 48/13 .5 x 13 .5 = 48 in . (1 .22 m) .
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Because the modified contact radius is exactly 16 in . (406 mm), no interpolation is needed . From
the lower chart of Figure 6.4 L = 1 .22 when Ei1E2 = 1 and L = 1 .06 when EI /E2 = 25. Wit h
2Pd = 9000 lb (40 kN), from Eq . 6.7b, ESWL = 9000/1 .22 = 7380 lb (32.8 kN) when E l /E2 = 1
and ESWL = 9000/1 .06 = 8490 lb (37 .8 kN) when EI /E2 = 25. It can be seen that ESWL in-
creases as the modulus ratio increases . An ESWL of 7380 lb (32 .8 kN) for El /E2 = 1 checks well
with the 7340 lb (32 .7 kN) obtained in Example 6 .3 .

6.2 .3

	

Equal Tensile Strain Criterio n

The conversion factors presented in Figures 2 .23, 2 .25, 2 .26, and 2 .27 can be used to
determine ESWL . According to Eq . 2 .17, the tensile strain e at the bottom of layer 1
under a single-wheel load is

e=Fe
El

in which qs is the contact pressure of a single wheel . The tensile strain under dual o r
dual-tandem wheels is

e = E d Fe

	

(6 .12 )
El

in which C is the conversion factor and qd is the contact pressure of dual or dual-
tandem wheels. Equate Eqs. 6 .11 and 6.12 to obtain the same tensile strain :

qs = Cqd (6 .13 )

For equal contact radius, contact pressure is proportional to wheel load :

ESWL = Ps = CPd (6 .14)

Example 6 .5 :

A full-depth asphalt pavement, 8 in . (203 mm) thick, is loaded by a set of dual wheels with a tota l
load 2 Pd of 9000 lb (40 kN), a contact radius a of 4 .5 in . (114 mm), and a center to center wheel
spacing S d of 13 .5 in . (343 mm), as shown in Figure 6 .6 . If El1E2 = 50, determine ESWL by equal
tensile strain criterion .

4500 lb 13 .5 in
. 4500 l b

4 .5 in .

	

4.5 in .

!E!1 1111
E l = 50E2

	

8 in .

E2

FIGURE 6 .6
Example 6 .5 (1 in . = 25 .4 mm, 1 lb = 4 .45 N) .

(6 .11 )
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Solution: Given Sd = 13.5 in . (343 mm), a = 4 .5 in. (114 mm), and h l = 8 in . (203 mm), from
Eq. 2 .18, a' = 24/13 .5 x 4 .5 = 8 in. (203 mm) and hi = 24/13 .5 X 8 = 14 .2 in . (361 mm) .
Because the modified contact radius is exactly 8 in . (203 mm), no interpolation is needed . From
the lower chart in Figure 2 .23, C = 1 .50 . From Eq. 6 .14, ESWL = 1 .50 x 4500 = 6750 l b
(30 .0 kN) .

62 .4 Criterion Based on Equal Contact Pressur e

All of the above analyses of ESWL are based on the assumption that the single whee l
has the same contact radius as each of the dual wheels . Another assumption, which has
been frequently made, is that the single wheel has a different contact radius but th e
same contact pressure as the dual wheels . Although this assumption is more reason-
able, its solution is much more complicated and cannot be presented by a simple chart .

According to Eq . 2 .16, the interface deflections for single and dual wheels with
the same contact pressure can be written a s

qa s
w =s E FS

z

qa dwd =

	

Fd

(6 .15a)

(6 .15b)
E2

in which the subscript s indicates single wheel and d indicates dual wheels . The deflec-
tion factor Fd is obtained by superposition of the duals . To obtain equal deflection,
ws = wd, o r

R a s

	

qad
Fs = Fd (6 .16 )

Because

Ez

	

Ez

_

	

Ps
as

_ \/ (6 .17a )

and

7rq

ad = q (6 .17b)

Eq. 6 .16 becomes

2

ESWL =Ps = ( .-)"d (6 .17c )

If Pd and q are given, a d can be computed from Eq . 6 .17b, and the maximum deflectio n
factor Fd can be determined . However, the application of Eq . 6 .17c presents a difficul-
ty because Fs depends on the contact radius a, which varies with Ps according to
Eq. 6 .17a . Consequently, Eq . 6 .17c can be solved only by a trial and error method .
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Example 6 .6 :

A two-layer system with a thickness h l of 13 .5 in . (343 mm) and a modulus ratio El /E2 of 25 i s
loaded under a set of duals with a total load 2P d of 9000 lb (40 kN), a contact pressure q of 70 psi
(483 kPa), and a center to center tire spacing S d of 13 .5 in . (343 mm), as shown in Figure 6 .7. De-
termine the ESWL based on the equal interface deflection criterion with equal contact pressure .

4500 lb

	

4500 lb

E2

Figure 6 . 7

Example 6 .6 (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa, 1 lb = 4.45 N) .

Solution:	 Given Pd = 4500 lb (20 kN) and q = 70 psi (483 kPa), from Eq. 6.17b, a d =
V4500/(7r x 70) = 4 .5 in . (519 mm) . With h i /a d = 13 .5/4 .5 = 3 .0 and Et /E2 = 25, the deflec-
tion factors at points 1, 2, and 3, as shown in Figure 6 .7, can be obtained from Figure 2 .19 and the
results are presented in Table 6.3 . It can be seen that the same deflection factor of 0 .36 is
obtained at all three points, or Fd = 0 .36 .

TABLE 6 .3 Deflection Factors Under Dual Wheels fo r
a Layered Syste m

Left wheel

	

Right wheel

Point no .

	

r/a

	

Fs

	

r/a

	

Fs

	

Sum Fd

1 0 0 .19 3 0 .17 0 .3 6
2 0 .75 0 .19 2 .25 0 .17 0 .3 6
3 1 .5 0 .18 1 .5 0 .18 0 .36

Assume that Ps = 8000 lb (35 .6 kN) . From Eq. 6 .17a, a s = \/8000/(1r x 70) = 6 .03 in.
(153 mm) . With h i /a s = 13 .5/6 .03 = 2 .24 and Et /E2 = 25, from Figure 2 .19, Fs = 0.26 . Fro m
Eq. 6.17c, Ps = (0 .36/0 .26) 2 x 4500 = 8630 lb (38 .4 kN) . Because the deflection factor cannot
be read accurately from Figure 2 .19, a Ps of 8300 lb (36.9 kN), which is midway between 8000 lb
(35 .6 kN) and 8630 lb (38 .4 kN), is taken as the final solution . The ESWL based on equal contac t
radius, as illustrated in Example 6 .4, is 8490 (37 .8 kN), which is not much different from the
8300 lb (36 .9 kN) based on equal contact pressure .
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Huang (1968b) compared the ESWL based on equal contact radius with tha t
based on equal contact pressure for a variety of cases . He found that, unless the pave-
ment is extremely thin and the modulus ratio close to unity, the differences betwee n
the two methods are not very significant .

Two-layer interface deflections based on equal contact pressure were also use d
by the Asphalt Institute to compute the ESWL for full-depth asphalt pavements . This
procedure is applicable to aircraft having less than 60,000 lb (267 kN) gross weight . By
the use of Figure 2.19, simplified charts were developed for determining the ESWL fo r
dual wheels based on the CBR of the subgrade (AI, 1973) .

6 .2 .5 Criterion Based on Equivalent Contact Radiu s

Instead of equal contact radius or equal contact pressure, loannides and Khazanovich
(1993) proposed the use of an equivalent contact radius to determine the load equiva-
lency and called this method equivalent single-axle radius (ESAR) . The basic concept
is to determine a single wheel load with an equivalent radius that would lead to th e
same response if loaded by the same total load as the dual-wheel assembly . For exam-
ple, by the use of statistical regression techniques, they found that the maximum bend-
ing stress due to dual tires in the interior of a concrete slab would be the same as a
single tire with the equivalent radius

	

/ 1 1

	

a eq = a r l 1+ 0 .241683 I a I
J

	

(6 .18 )

in which a eq = equivalent tire contact radius, a = contact radius of each of the dua l
tires, and S = center-to-center spacing between the dual . They maintained that it i s
possible to derive with reasonable accuracy an equivalent radius, a eq , for any arbitrary
loading configuration simply as a function of its geometry (i .e., size and spacing of tir e
imprints) . Whether the same concept can be applied to flexible pavements needs to b e
investigated .

Example 6 .7 :

Same as Problem 4 .3 : determine the maximum stress in concrete, using equivalent contact radius
instead of equivalent contact area .

Solution: a = [6000/(7r x 80)] 05 = 4 .886 in . (124 mm). From Eq. 6 .18, aeq = 4 .886(1 +
0 .241683 x 14/4.886 = 8 .27 in . (210 mm). From Eq. 4 .19b, b = [1 .6 X (8 .27 ) 2 + toot s —
0 .675 x 10 = 7 .722 in. (196 mm). From Eq. 4 .10, f = [(4,000,000 X 1000)/(12 x 0 .9775 x
200)]0 = 36.135 in. (0.92 m). From Eq. 4 .20, cr = 0 .316 X 12,000/100 X [4 log(36 .135/
7 .722) + 1 .069] = 142 .2 psi (980 kPa), which checks well with 139 .7 psi (963 kPa) by th e
equivalent area .

6.3

	

EQUIVALENT AXLE LOAD FACTO R

An equivalent axle load factor (EALF) defines the damage per pass to a pavement by
the axle in question relative to the damage per pass of a standard axle load, usually the
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18-kip (80-kN) single-axle load. The design is based on the total number of passes of
the standard axle load during the design period, defined as the equivalent single-axl e
load (ESAL) and computed by

ESAL =

	

Ft n t

	

(6 .19 )
t= 1

in which m is the number of axle load groups, Ft is the EALF for the ith-axle load
group, and n t is the number of passes of the ith-axle load group during the design
period .

The EALF depends on the type of pavements, thickness or structural capacity ,
and the terminal conditions at which the pavement is considered failed . Most of the
EALFs in use today are based on experience. One of the most widely used methods i s
based on the empirical equations developed from the AASHO Road Test (AASHTO ,
1972) . The EALF can also be determined theoretically based on the critical stresses
and strains in the pavement and the failure criteria . In this section, the equivalen t
factors for flexible and rigid pavements are discussed separately .

6.3.1 Flexible Pavements

The AASHTO equations for computing EALF are described first, followed by a
discussion of equivalent factor based on the results obtained from KENLAYER .

AASHTO Equivalent Factors The following regression equations based on the
results of road tests can be used for determining EALF :

log(	
Wtx

) = 4.79 log(18 + 1) – 4 .79 log(L x + L 2 )
Wtts

+ 4 .33 log L 2 + G—r –
Gt

Px

	

P1 8

4.2 – Pt
Gt = log

4.2 – 1 .5

(6 .20a)

(6 .20b)

Rx=0.40+
0.081(L x + L2 ) 3 .23
(SN + 1) 5 .1923

(6 .20c)

In these equations, Wtx is the number of x-axle load applications at the end o f
time t ; Wt18 is the number of 18-kip (80-kN) single-axle load applications to time t; Lx is
the load in kip on one single axle, one set of tandem axles, or one set of tridem axles ; L2
is the axle code (1 for single axle, 2 for tandem axles, and 3 for tridem axles) ; SN is the
structural number, which is a function of the thickness and modulus of each layer an d
the drainage conditions of base and subbase ; pt is the terminal serviceability, which
indicates the pavement conditions to be considered as failures ; Gt is a function of Pt ;
and ,6 18 is the value of /3 x when Lx is equal to 18 and L 2 is equal to one . The method for
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determining SN is presented in Section 11 .3 .4 . Note that

EALF = 118

	

(6 .21 )
Wix

Equation 6 .20 can be used to solve EALF. The effect of p t and SN on EALF is
erratic and is not completely consistent with theory. However, under heavy axle loads with
an equivalent factor much greater than unity, the EALF increases as pt or SN decreases.
This is as expected, because heavy axle loads are more destructive to poor and weake r
pavements than to good and stronger ones . A disadvantage of using the above equations
is that the EALF varies with the structural number, which is a function of layer thick-
nesses . Theoretically, a method of successive approximations should be used, because th e
EALF depends on the structural number and the structural number depends on th e
EALF. Practically, EALF is not very sensitive to pavement thickness, and SN = 5 ma y
be used for most cases . Unless the design thickness is significantly different, no iteration s
will be needed. The AASHTO equivalent factors with p t = 2.5 and SN = 5 are used b y
the Asphalt Institute, as shown in Table 6 .4 . The original table has single and tandem axles
only, but the tridem axles are added to follow the AASHTO design guide (AASHTO ,
1986) . Tables of equivalent factors for SN values of 1, 2, 3, 4, 5, and 6 and pt values of 2, 2 .5 ,
and 3 can be found in the AASHTO design guide .

Example 6 .8 :

Given 19, = 2.5 and SN = 5, determine the EALF for a 32-kip (151-kN) tandem-axle load and a
48-kip (214-kN) tridem-axle load.

Solution: For the tandem axles, L r = 32 and L2 = 2, from Eq. 6 .20, G, = log(1 .7/2 .7) =
-0.201, /3, = 0.4 + 0 .081 (32 + 2) 323/[(5 + 1) 5 .19 (2) 323] = 0 .470, f3 is = 0 .4 + 0 .081 (18 + 1) 323 /

(5 + 1) S19 = 0 .5, and log(W tx/Wt18) = 4 .79 log 19 — 4 .79 log(32 + 2) + 4 .33 log 2 — 0 .201/
0 .47 + 0 .201/0 .5 = 0 .067, or W, x/14 8 = 1 .167 . From Eq . 6 .21, EALF = 0 .857, which is exactly
the same as that shown in Table 6 .4 .

For the tridem axles, Lx = 48, L2 = 3, from Eq. 6 .20, f3,_ = 0.4 + 0 .081(48 + 3) 323/

[(5 + 1) 5 .19 (3) 323 ] = 0.470, and log(W, x/Wr18 ) = 4 .79 log 19 — 4 .79 log(48 + 3) + 4 .33 lo g
3 — 0 .201/0 .47 + 0 .201/0 .5 = -0.0139, or Wtx /Wr18 = 0 .968 . From Eq. 6 .21, EALF =1 .033, as
shown in Table 6 .4 .

Theoretical Analysis In the mechanistic method of design, the EALF can be deter -
mined from the failure critera . The failure criterion for fatigue cracking was shown i n
Eq. 3 .6 with f2 of 3 .291 by the Asphalt Institute and 5 .671 by Shell :

	

Nf = fi (€1)
f2

(E1)
f,

	

(3 .6 )

Deacon (1969) conducted a theoretical analysis of EALF by layered theory based on
an assumed f2 of 4, or, from Eq . 3 .6 ,

EALF =
Wt18

= (

Ex
a

(6 .22 )
Wtx

	

6 18
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TABLE 6 .4

	

Asphalt Institute's Equivalent Axle Load Factor s

Equivalent axle Equivalent axle
load factor load factor

Axle Axle
load

	

Single Tandem Tridem load Single Tandem Tridem
(lb)

	

axles axles axles (lb) axles axles axle s

1000

	

0 .00002 41,000 23 .27 2 .29 0 .540
2000

	

0 .00018 42,000 25 .64 2 .51 0 .597
3000

	

0 .00072 43,000 28.22 2 .76 0 .658
4000

	

0 .00209 44,000 31 .00 3 .00 0 .72 3
5000

	

0 .00500 45,000 34.00 3 .27 0 .793

6000

	

0 .01043 46,000 37 .24 3 .55 0 .868
7000

	

0 .0196 47,000 40 .74 3 .85 0 .94 8
8000

	

0 .0343 48,000 44 .50 4 .17 1 .033
9000

	

0 .0562 49,000 48 .54 4 .51 1 .12
10,000

	

0 .0877 0.00688 0 .002 50,000 52 .88 4 .86 1 .22

11,000

	

0 .1311 0 .01008 0 .002 51,000 5 .23 1 .32
12,000

	

0 .189 0.0144 0 .003 52,000 5 .63 1 .4 3
13,000

	

0 .264 0 .0199 0 .005 53,000 6 .04 1 .5 4
14,000

	

0 .360 0.0270 0 .006 54,000 6 .47 1 .6 6
15,000

	

0 .478 0 .0360 0 .008 55,000 6 .93 1 .7 8

16,000

	

0 .623 0 .0472 0 .011 56,000 7 .41 1 .9 1
17,000

	

0 .796 0.0608 0 .014 57,000 7 .92 2 .0 5
18,000

	

1 .000 0 .0773 0 .017 58,000 8 .45 2.2 0
19,000

	

1 .24 0 .0971 0 .022 59,000 9 .01 2 .3 5
20,000

	

1 .51 0 .1206 0 .027 60,000 9 .59 2.5 1

21,000

	

1 .83 0.148 0 .033 61,000 10 .20 2 .67
22,000

	

2 .18 0 .180 0 .040 62,000 10 .84 2 .8 5
23,000

	

2 .58 0.217 0 .048 63,000 11 .52 3 .03
24,000

	

3 .03 0 .260 0 .057 64,000 12 .22 3 .2 2
25,000

	

3 .53 0 .308 0 .067 65,000 12 .96 3 .4 1

26,000

	

4 .09 0 .364 0 .080 66,000 13 .73 3 .6 2
27,000

	

4 .71 0 .426 0 .093 67,000 14 .54 3 .8 3
28,000

	

5 .39 0 .495 0 .109 68,000 15 .38 4 .0 5
29,000

	

6 .14 0 .572 0 .126 69,000 16 .26 4 .28
30,000

	

6 .97 0 .658 0 .145 70,000 17 .19 4 .5 2

31,000

	

7 .88 0 .753 0 .167 71,000 18 .15 4 .77
32,000

	

8 .88 0 .857 0 .191 72,000 19 .16 5 .0 3
33,000

	

9 .98 0 .971 0 .217 73,000 20 .22 5 .2 9
34,000

	

11 .18 1 .095 0 .246 74,000 21 .32 5 .5 7
35,000

	

12 .50 1 .23 0 .278 75,000 22 .47 5 .8 6

36,000

	

13 .93 1 .38 0 .313 76,000 23 .66 6 .1 5
37,000

	

15 .50 1 .53 0 .352 77,000 24 .91 6 .4 6
38,000

	

17 .20 1 .70 0 .393 78,000 26 .22 6 .7 8
39,000

	

19 .06 1 .89 0 .438 79,000 27 .58 7 .1 1
40,000

	

21 .08 2 .08 0 .487 80,000 28 .99 7 .4 5

Note . 1 lb = 4 .45 N .
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in which e x is the tensile strain at the bottom of asphalt layer due to an x-axle load an d
cis is the tensile strain at the bottom of asphalt layer due to an 18-kip (80-kN) axl e
load. If Wtx is also a single axle, it is reasonable to assume that tensile strains are
directly proportional to axle loads, or

(—
1 4

	

EALF = 8 I

	

(6 .23)

in which Lx is the load in kip on a single axle . Equation 6 .23 is valid only when L x is on
a single axle . For tandem or tridem axles, a more general equation i s

EA

	

LF =
()4

	

(6 .24 )
L s

in which LS is the load in kip on standard axles which have the same number of axles a s

L . If the EALF for one set of tandem or tridem axles is known, that for other axle s
can be determined by Eq . 6 .24 .

Example 6.9 :

Given p r = 2.5 and SN = 5, determine the EALF for 5000-lb (22 .3-kN) and 50,000-lb (223-kN )
single axles by Eq . 6 .23 . If the EALF of a 32-kip (142-kN) tandem axle is 0 .857, determine th e
EALF for 15,000-lb (66.8-kN) and 80,000-lb (356-kN) tandem axles by Eq . 6 .24 .

Solution: For a single axle with L x = 5, from Eq. 6 .23, EALF = (5/18 ) 4 = 0 .006, which com-
pares with 0 .005 from Table 6 .4 . For a single axle with Lx = 50, EALF = (50/18) 4 = 59 .54 com-
pared with 52 .88 from Table 6 .4 . For tandem axles with Lx = 15 and L S = 32, from Eq. 6 .24, th e
equivalent factor between 15-kip (66 .8-kN) and 32-kip (142-kN) tandem axles is (15/32 ) 4 =-
0 .0483, which must be multiplied by 0 .857 to obtain the equivalent factor between 15-kip
(66 .8-kN) tandem axles and an 18-kip (80-kN) single axle, so EALF = 0 .0483 X 0 .857 = 0 .04 1
compared with 0 .036 from Table 6 .4. For tandem axles with L X = 80, EALF = 0 .857 X
(80/32 ) 4 = 33.48 compared with 28 .99 from Table 6 .4 . It can be seen that the equivalent factor s
based on tensile strains at the bottom of the asphalt layer check favorably with the AASHT O
and Asphalt Institute's equivalent factors .

The other failure criterion is to control permanent deformation by limiting th e
vertical compressive strain on top of the subgrade, which can be expressed a s

Nd = fa (c c)
-f5

	

(6 .7 )

Suggested values of ff are 4 .477 by the Asphalt Institute, 4 .0 by Shell, and 3 .571 b y
the University of Nottingham . It can be seen that the use of 4 for fs is also reasonable .
Therefore, when both Lx and LS in Eq. 6 .24 are of the same configuration, the EALF
based on fatigue cracking may not be much different from that based on permanent de -
formation . However, this is not true when LS is for a single axle but Lx is for multiple axles ,
because then the effect of additional axles on the tensile strains at the bottom of asphal t
layer is quite different from that on the compressive strain at the top of the subgrade .

Table 6 .5 shows the computation of EALF based on fatigue cracking ; Table 6 . 6
shows that based on permanent deformation . The damage ratio Dr is caused by the
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passage of one single axle or a set of tandem or tridem axles and can be obtained di-
rectly by KENLAYER. A full-depth asphalt pavement with two extreme HMA thick-
nesses of 2 and 12 in . (51 and 305 mm) and two extreme subgrade moduli of 5000 an d
30,000 psi (35 and 207 MPa) is assumed. The single axle is a standard 18-kip (80-kN )
axle with dual tires having a contact pressure of 100 psi (690 kPa) and a dual spacing o f
13 .5 in . (343 mm) . Each of the tandem and tridem axles is the same as the single axle ,
so the total load on tandem axles is 36 kip (160 kN) and that on tridem axles is 54 ki p
(240 kN) . The spacing between the two axles is 48 in . (1 .2 m) . The HMA has a resilien t
modulus of 450,000 psi (3 .1 GPa) and a Poisson ratio of 0 .35 ; the subgrade has a Pois-
son ratio of 0 .45 . The Asphalt Institute failure criteria were used for the analysis .

TABLE 6 .5 Analysis of Damage Ratio for Fatigue Cracking by KENLAYE R

HMA thickness (in .) 2 1 2

Subgrade modulus (psi) 5000 30 .000 5000 30 .00 0

18k Single damage ratio 1 .311 x 10-4 7 .030 x 10 -6 8 .450 x 10 -8 1 .974 x 10 -s

36k Tande m
Primary Dr 1 .282 x 10-4 6 .984 x 10 -6 6.740 x 10 -8 1 .334 x 10-8
Secondary Dr 1 .138 x 10-4 6 .900 x 10 -6 6 .199 x 10-10 1 .018 x 10-9

Total Dr 2 .420 x 10-4 1 .388 x 10-5 6.802 x 10 -8 1 .436 x 10
-8

EALF 1 .85 1 .97 0 .80 0.73

54k Tride m
Primary D,. 1 .253 x 10-4 6 .939 x 10 -6 9.493 x 10 -8 8.555 x 10 -9
Secondary Dr 2 .222 x 10-4 1 .371 x 10-5 2 .477 x 10 -9 7 .034 x 10-' 0
Total Dr 3 .475 X 10-4 2.065 X 10-5 9 .741 x 10-8 9.258 x 10-9
EALF 2 .65 2.94 1 .15 0 .46

Note. 1 in. = 25 .4 mm, 1 kip = 4 .45 kN, 1 psi = 6 .9 kPa .

TABLE 6 .6 Analysis of Damage Ratio for Permanent Deformation by KENLAYE R

HMA thickness (in .) 2 1 2

Subgrade modulus (psi) 5000 30 .000 5000 30 .00 0

18k Single damage ratio 3 .202 x 10-3 4 .843 x 10-5 6 .358 x 10-8 4 .408 x 10-9

36k Tande m
Primary Dr 3 .178 x 10-3 4 .820 x 10-5 9 .634 x 10

-g
4 .261 x 10-9

Secondary Dr 3 .178 x 10-3 4 .820 x 10-5 1 .456 x 10-9 1 .178 X 10-9
Total Dr 6.356 X 10-3 9 .640 X 10-5 9 .780 x 10-8 5 .439 x 10-9
EALF 1 .99 1 .99 1 .54 1 .23

54k Tride m
Primary Dr 3 .154 x 10-3 4.797 x 10 -5 1 .409 x 10-' 4 .118 x 10 -9
Secondary Dr 6.308 x 10-3 9 .594 x 10 -5 7 .253 x 10-9 2 .250 x 10-9
Total Dr 9.462 x 10-3 1 .439 x 10-4 1 .482 x 10

-7 6 .368 x 10-9
EALF 2 .96 2.97 2 .33 1 .44

Note . 1 in . = 25 .4 mm, 1 kip = 4 .45 kN, 1 psi = 6 .9 kPa .
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For tandem-axle loads, the primary Dr is the damage ratio caused by the strai n
e a due to the passage of the first axle, the secondary Dr the damage ratio caused b y
the strain e a – eb, due to the passage of the second axle, as illustrated in Figure 3 .3 .
For tridem-axle loads, the primary damage ratio is based on the loading position
shown in Figure 3 .4a, while the secondary damage ratio is based on two passages o f
the loading shown in Figure 3 .4b . The total damage ratio is the sum of primar y
and secondary damage ratios . Dividing the total damage ratio due to tandem or tri-
dem axles by the damage ratio due to a single axle gives the values of EALF shown
in the tables .

Review of Tables 6.5 and 6. 6

1. For the 2-in . (51-mm) pavement with a subgrade modulus of 5000 psi (35 MPa) ,
the damage ratios due to permanent deformation are greater than those due t o
fatigue cracking, whereas the reverse is true for the 12-in . (305-mm) pavement
with a subgrade modulus of 30,000 psi (207 MPa) . Therefore, the design is con -
trolled by fatigue cracking for stronger pavements but by permanent deforma-
tion for weaker pavements .

2. For the 2-in . (51-mm) pavement with a subgrade modulus of 30,000 psi (207 MPa) ,
the strains due to one axle load are not affected by the other axle loads, so th e
damage ratios for tandem axles are nearly twice as large as those for a single axle ,
with an EALF close to 2, and those for tridem axles are three times as large, with
an EALF close to 3 . When the pavement becomes thicker or the subgrade modu -
lus becomes smaller, the two or three axle loads begin to interact, and the EAL F
based on fatigue cracking can be quite different from that based on permanent
deformation, as indicated by an EALF much smaller than 1 for fatigue crackin g
but much greater than 1 for permanent deformation.

3. The AASHTO equivalent factors for 36-kip (160-kN) tandem axles and 54-ki p
(240-kN) tridem axles, as obtained from Eq . 6 .20, are practically independent of
structural number . For a terminal serviceability of 2 .5, the equivalent factor i s
1 .33 for 36-kip (160-kN) tandem axles and 1 .66 for 54-kip (240-kN) tridem axles.
However, the EALF obtained from KENLAYER could range from 0 .73 to 1 .99
for tandem axles and from 0 .46 to 2 .97 for tridem axles, depending on pavemen t
geometry, material properties, and failure criteria .

4. The many factors involved make it impossible to select an appropriate EALF
that can be applied to all situations . For a truly mechanistic design method, eac h
load group should be considered individually, instead of using an equivalen t
single axle load .

6.3.2 Rigid Pavements

The AASHTO equations for computing EALF are described first, followed by a
discussion of an equivalent factor based on the results obtained from KENSLABS .

AASHTO Equivalent Factors The AASHTO equations for determining the EALF
of rigid pavements are as follows :
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log Wtx
)

= 4.62 log(18 + 1) - 4.62 log(Lx + L 2 )
Wt18

+ 3.28 log L 2 +
Gt - Gt

lax

	

131 8

1	 4.5 -Pt
Gt=log

4.5-1. 5

3 .63(L x + L2) 5 .2°

TABLE 6 .7 Equivalent Axle Load Factors for Rigid Pavements with D = 9 in . and
p, = 2 . 5

Equivalent axle Equivalent axle
load factor load facto r

Axle Axle
load Single Tandem Tridem load Single Tandem Tridem

(kips) axles axles axles (kips) axles axles axles

2 0 .0002 0 .0001 0.0001 48 56 .8 7 .73 2 .49
4 0 .002 0.0005 0 .0003 50 67 .8 9 .07 2 .94

6 0 .01 0 .002 0 .001 52 10.6 3 .44

8 0 .032 0 .005 0.002 54 12.3 4 .00
10 0 .082 0.013 0 .005 56 14 .2 4 .6 3

12 0 .176 0.026 0 .009 58 16 .3 5 .32
14 0 .341 0.048 0 .017 60 18.7 6 .0 8

16 0 .604 0.082 0 .028 62 21 .4 6 .9 1

18 1 .00 0.133 0 .044 64 24 .4 7 .8 2

20 1 .57 0.206 0 .067 66 27 .6 8 .8 3

22 2.34 0.308 0 .099 68 31 .3 9 . 9
24 3 .36 0.444 0 .141 70 35 .3 11 . 1
26 4 .67 0 .622 0 .195 72 39 .8 12. 4
28 6 .29 0 .850 0 .265 74 44 .7 13 . 8
30 8 .28 1 .14 0 .354 76 50 .1 15 . 4

32 10.7 1 .49 0 .463 78 56 .1 17 . 1
34 13 .6 1 .92 0 .596 80 62 .5 18. 9
36 17 .1 2 .43 0 .757 82 69 .6 20. 9

38 21 .3 3 .03 0.948 84 77 .3 23 . 1

40 26.3 3 .74 1 .17 86 86 .0 25 .4

42 32.2 4 .55 1 .44 88 95 .0 27 .9

44 39 .2 5 .48 1 .74 90 105 .0 30 .7

46 47.3 6 .53 2 .09

Note . 1 kip = 4.45 kN, 1 in . = 25 .4 mm .

Source. After AASHTO (1986) .

lax = 1 .00
+ (D + 1) 8 .46L

2
3 .5 2

in which Wtx, Wt18, L x , L 2 , pt , and /3 18 are as defined for Eq . 6 .20 for flexible pavements

and D is the slab thickness in inches . Note that Eqs . 6 .20 and 6 .25 are in the same form ,
but with different values of regression constants, and that the structural number SN i n
Eq . 6 .20 is replaced by the slab thickness D in Eq . 6.25 . The EALF can also be comput-

ed by Eq . 6 .21 . Table 6 .7 shows the AASHTO equivalent factors for pt = 2.5 and

(6 .25a)

(6 .25b)

(6 .25c)
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D = 9 in. (229 mm) . If the thickness is not known in the design stage, the value D = 9
can be used . A comparison of Tables 6 .4 and 6.7 shows that, for single-axle loads les s
than 18 kip, the equivalent factor is smaller for a rigid pavement than for a flexibl e
pavement, but for heavier loads the reverse is true .

Example 6 .10 :

A flexible pavement with SN = 5 is subjected to a single-axle load of 12 kip (53 .4 kN) and a tan-
dem-axle load of 40 kip (178 kN) . Based on a pf of 2 .5, what are the single- and tandem-axl e
loads on a 9-in . (229-mm) rigid pavement that are equivalent to those on the flexible pavements ?

Solution: From Table 6 .4 for flexible pavements, the equivalent factor for a single-axle load
of 12 kip (53 .4 kN) is 0 .189 and that for a 40-kip (178-kN) tandem-axle load is 2 .08. From an in-
terpolation of Table 6 .7, the single-axle load for a rigid pavement with an EALF of 0 .189 is 12 . 2
kip (54.3 kN), which is slightly greater than the 12 kip (53 .4 kN) for the flexible pavement . Th e
tandem-axle load for an equivalent factor of 2.08 is 34 .7 kip (154 kN), which is much smaller than
the 40 kip (178 kN) for the flexible pavement . This may indicate that heavier axle loads are mor e
destructive to rigid pavements than to flexible pavements, probably through the effect of pump-
ing under heavier loads .

Theoretical Analysis For a terminal serviceability index of 2 .5, the AASHTO equiva -
lent factors obtained from Eq. 6 .25 for a 6-in . (152-mm) slab are 2.29 for 36-kip (160 -
kN) tandem axles and 3 .79 for 54-kip (240-kN) tridem axles, while those for a 14-in .
(356-mm) slab are 2 .53 and 4 .34, respectively. These equivalent factors are quite differ -
ent from those obtained from KENSLABS, because the AASHTO factors are base d
on the results of a road test, where the predominant type of failure is by pumping o r
the erosion of subbase, whereas the damage analysis by KENSLABS is based on fa-
tigue cracking .

Table 6 .8 shows the computation of EALF from the cracking index obtained by
KENSLABS. Two extreme thicknesses of 6 and 14 in . (152 and 356 mm) and k value s

TABLE 6 .8 Computation of Equivalent Axle Load Factors Based on KENSLAB S

Slab thickness (in .) 6 1 4

Subgrade k value (pci) 50 500 50 500

18k Single cracking index 3 .085 7 .090 x 10-6 1 .741 x 10-12 4 .526 x 10-1 4

36k Tande m
Primary CI 3 .478 x 10 -2 6.323 x 10-8 7.969 x 10-12 2 .192 x 10 -1 4

Secondary CI 4 .054 x 10 -7 6.323 x 10 -8 1 .049 x 10-15 1 .733 x 10-15

Total CI 3 .478 x 10-2 1.265 x 10 -7 7 .970 x 10-12 2 .365 x 10 -1 4

EALF 0 .011 0 .018 4 .58 0.52

54k Tride m
Primary CI 5 .119 x 10-4 5 .249 x 10 -9 2.702 x 10-11 1 .102 x 10-1 4

Secondary CI 8 .360 x 10-6 1 .050 x 10-8 9 .647 x 10 -15 5 .949 x 10-1 5
Total Cl 5 .202 x 10-4 1 .575 x 10 -8 2.703 x 10 -11 1 .697 x 10-1 4

EALF 0 .00017 0.0022 15 .5 0.37

Note . 1 in . = 25.4 mm, 1 kip = 4 .45 kN, 1 pci = 271 .3 kN/m3 .
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of 50 and 500 pci (13.6 to 136 MN/m3) are assumed. The 18-kip (80-kN) single axle ,

36-kip (160-kN) tandem axles, and 54-kip (240-kN) tridem axles are the same as those

used for the analysis of flexible pavements presented in Tables 6 .5 and 6 .6 . The center
to center spacing between the left and right dual wheels is 77 in. (1 .96 m) . The concrete
has a modulus of rupture of 600 psi (4 .1 MPa), an elastic modulus of 4 x 10 6 psi
(28 GPa), and a Poisson ratio of 0 .15 . The allowable number of repetitions for fatigue
cracking is based on Eq. 5 .35 with fl = 16.61 and f2 = 17 .61 .

The cracking index shown in Table 6 .8 is the same as the damage ratio for fatigu e
cracking shown in Table 6 .5 and is caused by the passage of a single axle or a set o f

tandem or tridem axles. The primary cracking index is based on the maximum stress,
which occurs at the slab edge under either of the tandem axles or the central axle of th e

tridem. The secondary cracking index is caused by the stress differential due to the pas -
sage of one or two additional axles . Dividing the total cracking index of the tandem o r
tridem axles by the cracking index of a single axle gives the EALF.

It can be seen from Table 6 .8 that the values of EALF vary a great deal and ar e

very difficult to predict. For the 6-in . (152-mm) slab, the single axle is more destructive
than the tandem axles, and the tandem axles are more destructive than the tride m

axles. The same is true for the 14-in. (356-mm) slab with a subgrade k value of 500 pci

(136 MN/m3) because the flexural stress in the concrete is largest under a single axle

and smallest under a set of tridem axles . However, for the 14-in. (356-mm) slab with a
k value of 50 pci (13 .6 MN/m3 ), the reverse is true . The large EALF of 4 .58 for tande m
axles and 15 .52 for tridem axles occurs because the maximum stresses are 187 .8 psi

(1 .30 MPa) under tandem axles and 205 .9 psi (1 .42 MPa) under tridem axles, in con-

trast to the 165 .3 psi (1 .14 MPa) under a single axle. This analysis clearly indicates the
sensitivity of EALF to the change in slab thickness and subgrade support and the diffi -

culty of establishing an EALF based on empirical methods . The equivalent factor is

valid only under the given conditions and is no longer applicable if any of the condi -

tions are changed .

6.4

	

TRAFFIC ANALYSI S

To design a highway pavement, it is necessary to predict the number of repetitions o f

each axle load group during the design period. Information on initial traffic can be ob -

tained from field measurements or from the W-4 form of a loadometer station that ha s

traffic characteristics similar to those of the project in question . The initial daily traffic

is in two directions over all traffic lanes and must be multiplied by the directional an d
lane distribution factors to obtain the initial traffic on the design lane . The traffic to b e
used for design is the average traffic during the design period, so the initial traffic mus t
be multiplied by a growth factor . If n, is the total number of load repetitions to be used
in design for the ith load group, then

n i = (no)-(G)(D)(L)(365)(Y)

	

(6 .26)

in which (no) i is the initial number of repetitions per day for the ith load group, G is th e
growth factor, D is the directional distribution factor, which is usually assumed to b e

0.5 unless the traffic in two directions is different, L is the lane distribution factor
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which varies with the volume of traffic and the number of lanes, and Y is the desig n
period in years . If the design is based on the equivalent 18-kip (80-kN) single-axle load ,
then the initial number of repetitions per day for the ith load group can be compute d
from

(no), = (piF,)(ADT)o(T)(A)

	

(6 .27)

in which p i is the percentage of total repetitions for the ith load group, F is the equiva -
lent axle load factor (EALF) for the ith load group, (ADT)o is the average daily traffi c
at the start of the design period, T is the percentage of trucks in the ADT, and A is the
average number of axles per truck . Substituting Eq . 6 .27 into 6 .26 and summing over
all load groups, the equivalent axle load for the design lane i s

ESAL = C~ pi F) (ADT)o(T)(A)(G)(D)(L)(365)(Y)

	

(6 .28)
i= i

In computing ESAL, it is convenient to combine the first and fourth terms in Eq . 6 .2 8
to form a new term called the truck factor :

Tf =
(t p

i F) (A)

	

(6 .29 )

Tf is the number of 18-kip (80-kN) single-axle load applications per truck. Thus ,
Eq. 6 .28 becomes

ESAL = (ADT)o(T)(Tf)(G)(D)(L)(365)(Y)

	

(6 .30 )

6.4.1 Average Daily Truck Traffi c

The minimum traffic information required for a pavement design is the average dail y
truck traffic (ADTT) at the start of the design period . The ADTT may be expresse d
as a percentage of ADT or as an actual value. This information can be obtained from
the actual traffic counts on the existing roadway where the pavement is to be con-
structed or on nearby highways with similar travel patterns . Traffic volume maps
showing the ADT, sometimes with the percentage of trucks, on various roadway s
within a given area may also be used, although they are far less accurate than the ac-
tual counts. The traffic counts must be adjusted for daily (weekday versus weekend )
and seasonal (summer versus winter) variations to obtain the annual average dail y
traffic (AADT) .

Traffic is the most important factor in pavement design . Every effort should be
made to collect actual data on the project . This requires a portable device that can b e
taken to the project site . This device can be a static scale or the newer weigh in motion
(WIM) scale . The WIM scale does not interrupt the traffic stream and can enhance th e
credibility of the data due to its concealment .

If actual traffic data are not available, Table 6 .9 can be used as a guide to
determine the distribution of ADTT on different classes of highways in the United
States .
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6 .4.2 Truck Facto r

A single truck factor can be applied to all trucks, or separate truck factors can be
used for different classes of trucks . The latter case should be considered if the growt h
factors for different types of trucks are not the same . Table 6 .10 shows the distribu-
tion of truck factors for different classes of highways and vehicles in the Unite d
States. Table 6 .11 shows the computation of truck factors for trucks with five or mor e
axles on a flexible pavement . The equivalent factors are based on an SN of 5 and a pt
of 2 .5 and can be obtained from Table 6 .4 . The number of axles for each load group ,
plus the number of trucks weighed, can be found from the W-4 form . The sum of
ESALs for all trucks weighed divided by the number of trucks weighed gives th e
truck factor .

6 .4.3 Growth Factor

One simple way to project the growth factor is to assume a yearly rate of traffic growt h
and use the average traffic at the start and end of the design period as the design
traffic :

G = 2[1 + (1 + r)Y]

	

(6 .31 )

The Portland Cement Association (1984) applies the traffic at the middle of the desig n
period as the design traffic :

G = (1 + r)05'

	

(6 .32 )

Table 6.12 shows the growth factors for 20- and 40-year design periods based o n
Eq. 6 .32.

The Asphalt Institute (AI, 1981a) and the AASHTO design guide (AASHTO ,
1986) recommend the use of traffic over the entire design period to determine the tota l
growth factor, as indicated by

(1+r)Y —1

	

(6 .33 )

Table 6.13 shows the total growth factor, which is the growth factor multiplied b y
the design period, as recommended by the Asphalt Institute. The same factor is used in
the AASHTO design guide . If the growth rate is not uniform, different growth rate s
should be used for different load groups or types of vehicles .

To determine the annual growth rate, the following factors should be considered :

1. Attracted or diverted traffic due to the improvement of existing pavement
2. Normal traffic growth due to the increased number and usage of moto r

vehicle s

3. Generated traffic due to motor vehicle trips that would not have been mad e
if the new facility had not been constructe d

4. Development traffic due to changes in land use as a result of the new facilit y

Total growth factor = (G) (Y) =
r
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TABLE 6 .11 Computation of Truck Factor for Trucks with Five or Mor e
Axles

Axle load (lb)

	

EALF

	

Number of axles ESAL

Single Axle s

Under 3000

	

0 .0002

	

0 0 .00 0
3000-6999

	

0 .0050

	

1 0 .00 5
7000-7999

	

0 .0320

	

6 0 .19 2
8000-11,999

	

0 .0870

	

144 12 .52 8

12,000-15,999

	

0 .3600

	

16 5 .76 0

16,000-29,999

	

5.3890

	

1 5 .38 9

Tandem Axles

Under 6000

	

0.0100

	

0 0 .00 0

6000-11,999

	

0 .0100

	

14 0 .140

12,000-17,999

	

0 .0440

	

21 0 .924

18,000-23,999

	

0 .1480

	

44 6 .51 2
24,000-29,999

	

0 .4260

	

42 17 .892
30,000-32,000

	

0 .7530

	

44 33 .132

32,001-32,500

	

0 .8850

	

21 18 .58 5

32,501-33,999

	

1 .0020

	

101 101 .202

34,000-35,999

	

1 .2300

	

43 52 .890

ESALs for all trucks weighed 255 .15 1

18-kip ESALs for all trucks weighe d
Truck factor =

255 .151
= 1 .546 4_

Number of trucks weighed 16 5

Note . 1 lb = 4 .45 N .

TABLE 6 .12 Traffic Growth Factor s

Annual growth 20-Year 40-Year
rate (%) design period design perio d

1 .0 1 .1 1 . 2
1 .5 1 .2 1 .3
2 .0 1 .2 1 . 5
2 .5 1 .3 1 . 6
3 .0 1 .3 1 . 8
3 .5 1 .4 2 .0
4 .0 1 .5 2 .2
4 .5 1 .6 2 .4
5 .0 1 .6 2 .7
5 .5 1 .7 2 .9
6 .0 1 .8 3 .2

Source. After PCA (1984) .
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TABLE 6.13 Total Growth Facto r

Design Annual growth rate (% )
perio d
(years) No growth 2 4 5 6 7 8 1 0

1 1 .0 1 .0 1 .0 1 .0 1 .0 1 .0 1 .0 1. 0
2 2 .0 2 .02 2.04 2 .05 2 .06 2 .07 2 .08 2.10
3 3 .0 3 .06 3 .12 3 .15 3 .18 3 .21 3 .25 3 .3 1
4 4 .0 4 .12 4 .25 4 .31 4 .37 4.44 4 .51 4.64
5 5 .0 5 .20 5 .42 5 .53 5 .64 5 .75 5 .87 6 .1 1

6 6 .0 6 .31 6 .63 6 .80 6 .98 7 .15 7 .34 7 .72

7 7 .0 7 .43 7 .90 8 .14 8 .39 8 .65 8.92 9 .49
8 8 .0 8 .58 9 .21 9 .55 9 .90 10 .26 10.64 11 .44
9 9 .0 9 .75 10 .58 11 .03 11 .49 11 .98 12.49 13 .58

10 10 .0 10 .95 12.01 12 .58 13 .18 13 .82 14.49 15 .94
11 11 .0 12 .17 13 .49 14 .21 14 .97 15 .78 16.65 18 .53
12 12 .0 13 .41 15 .03 15 .92 16 .87 17 .89 18.98 21 .38
13 13 .0 14 .68 16 .63 17 .71 18 .88 20 .14 21 .50 24 .52
14 14 .0 15.97 18.29 19.16 21 .01 22 .55 24.21 27 .97
15 15 .0 17 .29 20.02 21 .58 23 .28 25 .13 27.15 31 .77

16 16 .0 18 .64 21 .82 23 .66 25 .67 27 .89 30.32 35 .9 5

17 17 .0 20 .01 23 .70 25 .84 28 .21 30 .84 33.75 40 .5 5
18 18 .0 21 .41 25.65 28.13 30.91 34 .00 37 .45 45 .6 0
19 19 .0 22.84 27.67 30.54 33 .76 37 .38 41 .45 51 .1 6
20 20 .0 24.30 29.78 33 .06 36 .79 41 .00 45 .76 57 .2 8

25 25 .0 32.03 41 .65 47 .73 54 .86 63 .25 73.11 98 .3 5
30 30.0 40 .57 56.08 66 .44 79 .06 94 .46 113 .28 164 .4 9
35 35.0 49 .99 73.65 90 .32 111 .43 138 .24 172 .32 271 .02

Source . After AI (1981a) .

Example 6 .11 :

For an annual growth rate of 3 .5% and a design period of 30 years, compute the growth factor s
by Eqs . 6.31, 6 .32, and 6 .33 .

Solution: From Eq. 6 .31, G = 0 .5[1 + (1 + 0.035) 3°] = 1 .90 ; from Eq. 6 .32, G = (1 +
0 .035)0 .5x3° = 1 .68; and from Eq. 6 .33, G = [(1 + 0 .035) 30 - 1]/(0 .035 X 30) = 1 .72 . It can b e
seen that the use of Eq . 6.31 by averaging the traffic at the start and the end of a design period i s
most conservative and results in the greatest growth factor, while the growth factor based o n
Eq. 6 .33 is only slightly greater than that based on Eq . 6.32 .

6.4.4 Lane Distribution Factor

For two-lane highways, the lane in each direction is the design lane, so the lane distribution

factor is 100% . For multilane highways, the design lane is the outside lane . Table 6 .14 show s

the truck distribution on a multiple-lane highway based on 129 counts from 1982to 1983 in
six states (Darter et al., 1985) . For four-lane highways with two lanes in each direction, th e
lane distribution factors range from 66 to 94% . For multiple-lane highways with three o r
more lanes in each direction, the lane distribution factors range from 49 to 82% .
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TABLE 6 .14 Truck Distribution for Multiple-Lane Highways

Two lanes in
each direction

Three or more lane s
in each directio n

One-wa y
ADT Inner Outer Inner a Center Oute r

2000 6 94 6 12 82
4000 12 88 6 18 76
6000 15 85 7 21 72
8000 18 82 7 23 70

10,000 19 81 7 25 68
15,000 23 77 7 28 65
20,000 25 75 7 30 63
25,000 27 73 7 32 61

30,000 28 72 8 33 5 9
35,000 30 70 8 34 5 8
40,000 31 69 8 35 5 7
50,000 33 67 8 37 5 5
60,000 34 66 8 39 5 3
70,000 8 40 5 2
80,000 8 41 5 1

100,000 9 42 49

a Combined inner one or more lanes.
Source . After Darter et al . (1985) .

Based on the data in Table 6 .14, the Portland Cement Association (PCA, 1984 )
developed a chart for determining the proportion of trucks in the design lane, as shown
in Figure 6 .8 . The Asphalt Institute (AI, 1981a) combines the directional and lan e
distribution factors (D X L) and determines the percentage of total truck traffic in th e

10 0
8 0
6 0

4 0

2 0

10
8
6

4

2

0.5

3 Lanes	
• ne irectio ni n

FIGURE 6 . 8
Proportion of trucks in design lane of
multiple-lane highways. (After PCA
(1984) .)

0 .6

	

0 .7

	

0 .8

	

0 . 9

Proportion of Trucks in Right Lane

1 .0



6 .4 Traffic Analysis 273

TABLE 6 .15 Percentage of Total Truck Traffic in
Design Lane

Number of traffic lanes

	

Percentage of trucks
in two directions

	

in design lan e

2 50

4 45 (35-48y

6 or more 40 (25_48)a

aProbable range .
Source. After AI (1981a) .

TABLE 6 .16 Lane Distribution Factor

No . of lanes in

	

Percentage of 18-kip ESAL
each direction

	

in design lan e

1 100

2 80-100

3 60-8 0

4 50-75

Source. After AASHTO (1986) .

design lane by Table 6 .15 . A comparison of Table 6 .15 and Figure 6 .8 indicates that th e
lane distribution factors by the Asphalt Institute are about the same as those by PCA
for an ADT of 3000 in one direction. The lane distribution factors recommended by th e
AASHTO design guide are shown in Table 6 .16 . Note that the percentage in Table 6 .1 5
is based on total traffic, but the percentage in Table 6 .16 is based on the traffic in on e

direction .

Example 6 .12 :

A two-lane major rural highway has an AADT of 4000 during the first year of traffic, 25 %
trucks, 4% annual growth rate, and 50% on the design lane . If the distribution of trucks is the
same as shown in Table 6 .9 and the distribution of truck factors is as shown in Table 6 .10, com -
pute the ESAL for a design period of 20 years .

Solution: For a growth rate of 4% and a design period of 20 years, from Table 6 .13, or
Eq . 6 .33, (G) (Y) = 29 .78 . The truck factor for all trucks, as shown in Table 6 .10, is the weighted
average of the distribution of trucks shown in Table 6 .9 . If the distribution of trucks is given in
Table 6 .9, it is not necessary to break down the trucks into different classes ; the use of Tf = 0.3 8
for all trucks in the "other principal" column of the rural systems, as shown in Table 6 .10, is suffi-
cient . From Eq. 6.30, ESAL = 4000 X 0 .25 x 0 .38 X 29 .78 X 0 .5 x 365 = 2,065,200 .

6.4.5 Other Design Considerations

In considering the number of load repetitions for pavement design, two important ques-
tions must be answered . The first question is whether the passage of a set of tandem or
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tridem axles should be counted as one or more than one repetition . The second ques-
tion is whether the effect of traffic wandering or lateral load placement should be con -
sidered in the design of highway pavements .

On the first question, if the design is based on the equivalent 18-kip (80-kN) single -
axle load, the passage of a set of tandem or tridem axles should be counted as on e
repetition because the equivalent factor is based on one passage of the tandem- o r
tridem-axle loads. If the design is based on different load groups and the stresses o r
strains under single-, tandem-, or tridem-axle loads are used for damage analysis, th e
damage caused by the passage of a set of tandem or tridem axles should be analyzed b y
the method shown in Figure 3 .3 or 3 .4 . The data presented in Tables 6 .5 and 6 .6 for flex -
ible pavements and in Table 6 .8 for rigid pavement can be used to determine the num -
ber of repetitions required . The number of repetitions can be computed from thes e
tables by dividing the total damage ratio (or cracking index) by the primary damag e
ratio and the results are presented in Table 6 .17 .

As can be seen from Table 6 .17, the required number of repetitions may rang e
from 1 to 2 for tandem axles and from 1 to 3 for tridem axles, depending on the com-
bined effect of pavement thickness and subgrade support . For flexible pavements, the
passage of a set of tandem or tridem axles may be considered as one repetition fo r
thicker pavements on a weak subgrade, but as two or three repetitions for thin pave-
ments, regardless of the subgrade support . For rigid pavements with poor subgrad e
support, the passage of a set of tandem or tridem axles may be considered as one repe -
tition, but the number of repetitions is increased as the subgrade support improved .
However, it should be pointed out that these general trends are based on the input
data assumed . The interactions among all the design variables are so complex that the
best way is to analyze the damage directly by KENLAYER or KENSLABS, instead o f
applying a fixed number to tandem or tridem axles .

TABLE 6.17 Number of Repetitions for One Passage of Multipl e
Axles

Flexible Pavement s

HMA thickness (in .) 2 1 2

Subgrade modulus (pci) 5000 30,000 5000 30,000

Tandem
Fatigue cracking 1 .89 1 .99 1 .01 1 .0 8
Permanent deformation 2.00 2 .00 1 .02 1 .28

Tridem
Fatigue cracking 2.77 2 .98 1 .03 1 .08
Permanent deformation 3 .00 3 .00 1 .05 1 .55

Rigid Pavements

Slab thickness (in .) 6 1 4

Subgrade k value (pci) 50 500 50 50 0

Tandem 1 .00 2 .00 1 .00 1 .08
Tridem 1 .02 3 .00 1 .00 1 .54

Note . 1 in. = 25.4 mm, 1 psi = 6 .9 kPa, 1 pci = 271 .3 kN/m' .
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As to the second question, traffic wandering certainly has a great effect on pave -
ment damage . However, instead of reducing the number of load repetitions, the effec t
is incorporated in the failure criteria . For example, the damage coefficients for flexibl e
pavement, such as fl in Eq . 3 .6 and fa in Eq . 3 .7, should include the wandering effect o f
traffic . In the PCA method of rigid pavement design, the wandering effect is consid-
ered in the fatigue analysis by reducing the edge stress and in the erosion analysis by
increasing the allowable number of load repetitions, as described in Section 12 .2 .

SUMMARY

This chapter presents the load equivalent concept and the methods for traffic analysis .

Important Points Discussed in Chapter 6

1. The concept of load equivalency has been used most frequently in the empirical
methods of pavement design. In the mechanistic methods, it is not necessary t o
apply the load equivalency concept because different loads can be considered
separately in the design process . This is why the concept has been used mor e
frequently on flexible pavements than on rigid pavements .

2. There are two types of load equivalency, one called the equivalent single-whee l
load (ESWL) and the other called the equivalent axle load factor (EALF) . The
ESWL is based on the fixed traffic procedure of converting the most critical wheel
loads, usually in multiple wheels, into an equivalent single-wheel load and using i t
for design purposes . The EALF is based on the fixed vehicle procedure of convert -
ing the number of repetitions of a given axle load, either single, tandem, or tridem ,
into an equivalent number of repetitions of an 18-kip (80-kN) single-axle load .

3. Various criteria have been used for determining the ESWL for a two-layer
system, e.g., equal vertical interface stress, equal interface deflection, and equa l
tensile strain . The equivalency based on one criterion may be quite different from
that based on other criteria . Also, the equivalency based on equal contact radiu s
is different from that based on equal contact pressure.

4. The values of EALF depend on the failure criterion employed . The EALF based
on fatigue cracking is different from that based on permanent deformation . The
use of a single value for both modes of failure is approximate at best . The mos t
widely used method for determining the EALF is that which uses the empirica l
equations developed from the AASHO Road Test . However, damage analyses by
KENLAYER and KENSLABS indicate that the values of EALF vary a grea t
deal and are difficult to predict . The complex interactions among a large number
of variables make it impossible to select an appropriate EALF that can be applie d
to all situations . For a truly mechanistic design method, each load group should b e
considered individually, instead of via equivalent single-axle loads .

5. The traffic to be used in design is not the average traffic during the first year, but th e
average during the design period. Three different methods based on the compoun d
rate are presented to compute the traffic growth factor . The use of average traffic at
the start and the end of the design period gives the highest growth factor, while the
use of the traffic at the middle of the design period results in the lowest growth factor .

6. Traffic is the most important factor in pavement design . Every effort should be
made to collect actual traffic data . If actual data are not available, Tables 6 .9 and



276 Chapter 6

	

Traffic Loading and Volum e

6 .10, which give average values for different classes of highways in the Unite d
States, can be used as a guide.

7. In addition to the initial traffic and the growth factor, the directional and lan e
distribution factors must also be considered . Unless the traffic loading or volume
is heavier in one direction than in the other due to some special reason, a direc-
tional distribution of 0.5 is assumed. The lane distribution factor varies with the
number of lanes and the ADT and can be obtained from Figure 6 .8 or Tables 6 .1 5
and 6 .16, although these tables do not consider ADT as a factor .

8. When the design is based on the equivalent 18-kip (80-kN) single-axle load, the
use of a truck factor is very convenient . The method for computing truck factors
based on the number of axles and trucks weighed, number of trucks counted, an d
the AASHTO equivalent factors is illustrated .

9. Damage analyses by KENLAYER and KENSLABS indicate that the passage o f
a set of tandem or tridem axles may be considered as one repetition in som e
cases, but as more than one repetition in other cases, depending on pavement
thickness and subgrade support . The problem is so complex that it is best to ana-
lyze each load group, either tandem or tridem, directly, instead of applying a fixe d
number of repetitions.

PROBLEM S

6 .1 A set of dual tires is spaced at 34 in . center to center and carries a total load of 45,000 lb
with a tire pressure of 100 psi . Assuming the pavement to be a homogeneous half-space ,
determine the ESWL for a pavement of 25 in . using (a) the Boyd and Foster method ,
(b) the Foster and Ahlvin method, and (c) Huang's chart based on equal contact radius .
[Answer : 32,200 lb, 32,800 lb, 32,800 lb]

6 .2 A full-depth asphalt pavement is loaded by a set of dual wheels, each weighing 8000 lb an d
spaced at 20 in . on centers. The hot mix asphalt has a thickness of 10 in. and an elastic mod-
ulus of 250,000 psi ; the subgrade has an elastic modulus of 10,000 psi . Both layers are
incompressible with a Poisson ratio of 0 .5 . If the dual wheels and the equivalent singl e
wheel have the same contact radius of 6 in ., determine the ESWL based on (a) equa l
interface deflection and (b) equal tensile strain at the bottom of asphalt layer . [Answer :
13,800lb,10,9001b ]

6 .3 A pavement is subjected to the single-axle loads shown in Table P6 .3 . Determine the
ESAL for a design period of 20 years using (a) AI's equivalent axle load factors an d
(b) the equivalent axle load factors from Eq . 6 .23 . [Answer : 2.99 X 10 6 , 3 .07 x 106]

TABLE P6 . 3

Axle
load Number Axle load Number Axle load Number
(kip) per day (kip) per day (kip) per da y

12 200 .0 20 47 .2 28 2 . 9
14 117 .4 22 21 .4 30 1 . 2
16 84 .5 24 12 .9 32 0 . 7
18 61 .4 26 6.1 34 0.3
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6.4 Based on Eq . 6 .25, discuss the effect of Pt on EALF.
6.5 Derive Eq . 6 .33 and indicate the assumptions on which the equation is obtained . [Hint:

( G)(I' ) — .fo(i + On]
6.6 Estimate the equivalent 18-kip single-axle load applications (ESAL) for a four-lane pave-

ment (two lanes in each direction) of a rural interstate highway with a truck count of 100 0
per day (including 2-axle, 4-tire panel, and pickup trucks), an annual growth rate of 5% ,
and a design life of 20 years. [Answer: 2 .82 X 106 ]

6.7 Table P6.7 is abstracted from a W-4 table on tractor semitrailer combinations for a load-
ometer station from July 16 to August 8 . It is assumed that the traffic during the recorded
period represents the average over the entire year. If the pavement to be constructed has

TABLE P6 . 7

Axle loads
Tractor semitraile r

combinations
(lb) 3-axle 4-axle 5-axle probable no.

Single axle under 3000 — — — —
3000-6999 256 227 60 3188
7000-7999 148 243 85 284 3
8000-11,999 345 939 363 994 2
12,000-15,999 174 288 54 311 1

16,000-17,999 67 225 12 189 9
18,000-19,000 22 141 7 107 8
19,001-19,999 8 54 5 42 3
20,000-21,999 5 80 9 59 8
22,000-23,999 1 29 14 4

24,000-25,999 1 6
26,000-29,999 — 1 — 6
Total single axles weighed 1026 2228 595
Total single axles counted 5541 14,526 3171 23,23 8

Tandem axle under 6000 1 — 7
6000-11,999 237 173 263 1
12,000-17,999 189 209 254 1
18,000-23,999 218 150 236 2
24,000-29,999 270 214 3103

30,000-31,500 62 52 703
31,501-31,999 11 11 141
32,000-33,999 36 43 503
34,000-35,999 26 35 388
36,000-37,999 16 28 280

38,000-39,999 12 27 247
40,000-41,999 10 19 183
42,000-43,999 14 11 160
44,000-45,999 2 6 51
46,000-49,999 5 5 64
50,000-53,999 1 — 7
Total tandem axles weighed 1110 983 —
Total tandem axles counted 7263 6135 13,398

Total vehicles counted 1847 7263 3087 12,197
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a structural number SN of 5, estimate the ESAL of the tractor semitrailer combination s
during the first year in two directions over all lanes based on a pt of 2.5 . [Answer: 192,000]

6.8 Same as Problem 6-7 but for a rigid pavement with a concrete thickness of 9 in . [Answer:
257,000]

6.9 Based on the axles weighed and the axles and vehicles counted, as shown in Table P6 .7 ,
determine the truck factor of all tractor semitrailer combinations for a flexible pavemen t
with SN = 5 and pt = 2 .5 . [Answer : 1 .04]

6 .10 Same as Problem 6-9 but for a rigid pavement with D = 9 . [Answer : 1 .38]
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RESILIENT MODULU S

The resilient modulus is the elastic modulus to be used with the elastic theory . It is wel l
known that most paving materials are not elastic, but experience some permanent de -
formation after each load application . However, if the load is small compared to th e
strength of the material and is repeated for a large number of times, the deformatio n
under each load repetition is nearly completely recoverable (and proportional to th e
load) and can be considered elastic .

Figure 7 .1 shows the straining of a specimen under a repeated load test. At the
initial stage of load applications, there is considerable permanent deformation, as indi-
cated by the plastic strain in the figure . As the number of repetitions increases, the plas -
tic strain due to each load repetition decreases . After 100 to 200 repetitions, the strain
is practically all recoverable, as indicated by e r in the figure .

The elastic modulus based on the recoverable strain under repeated loads i s
called the resilient modulus MR, defined as

0- d

MR = e r

in which ad is the deviator stress, which is the axial stress in an unconfined compressio n
test or the axial stress in excess of the confining pressure in a triaxial compression test .
Because the applied load is usually small, the resilient modulus test is a nondestructiv e
test, and the same sample can be used for many tests under different loading and envi -
ronmental conditions .

7 .1 .1 Loading Wavefor m

The type and duration of loading used in the repeated load test should simulate tha t
actually occurring in the field . When a wheel load is at a considerable distance fro m
a given point in the pavement, the stress at that point is zero . When the load is
directly above the given point, the stress at the point is maximum. It is therefore

(7 .1)
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Plasti c
Strai n

FIGURE 7 . 1
Strains under repeated loads .

reasonable to assume the stress pulse to be a haversine or triangular loading, the du-
ration of which depends on the vehicle speed and the depth of the point below the
pavement surface .

Barksdale (1971) investigated the vertical stress pulses at different points in flex -
ible pavements. The stress pulse can be approximated by a haversine or a triangula r
function, as shown in Figure 7 .2. After considering the inertial and viscous effect s
based on the vertical stress pulses measured in the AASHO Road Test, the stress puls e
time can be related to the vehicle speed and depth, as shown in Figure 7 .3 . Because of
these effects, the loading time is not inversely proportional to the vehicle speed .

Brown (1973) derived the loading time for a bituminous layer as a function of
vehicle speed and layer thickness . The loading time is based on the average pulse tim e
for stresses in the vertical and horizontal directions at various depths in the bituminou s
layer. For thicker layers, his loading times are slightly smaller than those obtained b y
Barksdale.

a,/ - a-max Sin(- + at)

FIGURE 7 . 2
Equivalent haversine and
triangular pulse.

d
Tim e

0V a-v
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FIGURE 7 . 3

Vertical stress pulse time under haversine or triangular loading
(1 in . = 25 .4 mm. 1 mph = 1 .6 km/h) . (After Barksdale (1971) . )

McLean (1974) determined the loading time for an equivalent square wave vertica l
pulse, as shown in Figure 7 .4, on which the Barksdale's results for 30 mph (48 km/h) trian-
gular loading are superimposed for comparison . It can be seen that the pulse time based o n
the square wave is shorter than that based on the triangular wave, which is as expected .
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FIGURE 7 . 4

Vertical stress pulse time under square wave form (1 in . = 25 .4 mm,
1 mph = 1.6 km/h) . (After McLean (1974))
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Example 7 .1 :

Repeated load compression tests are employed to determine the resilient moduli of the surface, base ,
and subbase materials in a flexible pavement, as shown in Figure 7 .5 .The points at the midheight of
each layer are used to determine the stress pulse times. If the vehicle speed is 40 mph (64 km/h), what
should be the load durations of haversine and square wave loadings for each material ?

3 in .
Bituminous Surface o —

	

6 in .
10 in .

Base

	

o

	

20 in.

	

18 in .

Subbase

	

12 in.

FIGURE 7 . 5
Example 7 .1 (1 in . =
25 .4 mm) . Subgrad e

Solution: With a depth of 3 in . (76 mm) below the surface and a vehicle speed of 40 mph (64

km/h), the vertical stress pulse time is 0 .028 s for a haversine load, as obtained from Figure 7 .3 ,

and 0 .014 s for a square wave, as obtained from Figure 7 .4 . The results for all three materials are
shown in Table 7 .1 .

It can be seen that the stress pulse time based on McLean's square wave loadin g
is about one-half of that based on Barksdale's haversine loading . Note that a haversine
pulse time of 0 .028 to 0 .064 s for a vehicle speed of 40 mph (64 km/h) is much smalle r
than the 0 .1 s based on Eq. 2 .55 . The haversine pulse times indicated in Table 7 . 1
are based on sin(7r/2 + art/d), as shown in Figure 7 .2; Eq. 2 .55 is based on sin2 (ar/2 +

art/d), as shown in Figure 2 .40 . The use of sin2(ir/2 + irtld) in KENLAYER results in a
reverse curve with a longer pulse time, which checks more closely with the actual stres s
pulse in pavements.

When the elastic theory is employed to analyze pavements, the duration of load-
ing for determining the resilient modulus under repeated loading can be selected b y
using Figure 7 .3 or 7 .4 as a guide, depending on whether the loading is haversine or

TABLE 7 .1 Vertical Stress Pulse Times for Materials at Various Depths

Material

	

Bituminous surface

	

Base course

	

Subbase cours e

Depth (in .) 3 10 20
Haversine wave 0.028 s 0 .041 s 0 .064 s
Square wave 0 .014 s 0.020 s 0 .031 s

Note . 1 in . = 25 .4 mm.
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square wave . In view of the fact that the vehicle speed varies a great deal and the dept h
of the material may not be known during the design stage, it is recommended that a
haversine load of duration 0 .1 s and rest period 0 .9 s be used . It should be noted tha t
load duration has very little effect on the resilient modulus of granular materials, som e
effect on fine-grained soils depending on moisture contents, and a considerable effec t
on bituminous materials. The effect of rest period is not known, but is probabl y
insignificant .

7 .1 .2 Equipmen t

The resilient modulus of granular materials and fine-grained soils can be determine d
by the repeated load triaxial test . Figure 7 .6 shows the test setup recommended by
FHWA (1978) . The sample is 4 in . (102 mm) in diameter and 8 in . (203 mm) in height.
The triaxial cell is similar to most standard cells, except that it is larger to accommodat e
the internally mounted load and deformation measuring equipment and has addition-
al outlets for the electrical leads from the measuring devices . With the internally
mounted measuring devices, air, instead of water, should be used as the confining fluid .
Other cells with suitable externally mounted load and deformation measuring equip-
ment also may be used . However, the use of internal measuring equipment has the ad -
vantage that the effects of equipment deformation, end restraint, and piston frictio n
can be eliminated .

The repetitive loading device can be an air-actuated piston assembly with elec-
tronic solenoid control or a sophisticated electrohydraulic testing machine with precise
control on the shape of load pulse . The deformation measuring equipment consists o f
two linear variable differential transformers (LVDT) attached to the specimen by a
pair of clamps at the upper and lower quarter points . In addition to the measuring
devices, suitable signal excitation, conditioning, and recording equipment are needed .

The setup shown in Figure 7 .6 can be used to determine the resilient modulus o f
asphalt mixtures . Unless the temperature or the level of stress is high, the confining
pressure has very little effect on the resilient modulus, so the repeated load unconfined
compression test without confining pressure, rubber membrane, and porous stones ca n
be used . A temperature control system should be used to maintain a constant temper-
ature in the specimen during the test.

The resilient modulus of asphalt mixtures can also be determined by the repeate d
load indirect tension test . A compressive load with a haversine or other suitable wave-
form is applied in the vertical diametric plane of a cylindrical specimen through a load -
ing strip, and the resulting horizontal recoverable deformation is measured . The
repetitive loading device is the same as that used in the compression test . The trans-
ducer arrangement to measure the resilient modulus is shown in Figure 7 .7 . The
resilient modulus is computed from

MR

	

6 t

in which P is the magnitude of the dynamic load in pounds, v is Poisson ratio, 8 is the
total recoverable deformation in inches, and t is the specimen thickness in inches . The
Poisson ratio is generally taken to be 0 .35 .

P(v + 0.2734)
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FIGURE 7 . 6

Triaxial cell for testing cylindrical specimens . (After FHWA (1978) )

7.1 .3 Granular Material s

The resilient modulus test for granular materials and fine-grained soils is specified by
AASHTO (1989) in "T274-82 Resilient Modulus of Subgrade Soils." Sample condi-
tioning can be accomplished by applying various combinations of confining pressure s
and deviator stresses, as follows :

1 . Set the confining pressure to 5 psi (35 kPa), and apply a deviator stress of 5 ps i
(35 kPa) and then 10 psi (69 kPa), each for 200 repetitions .

POROUS STON E

SAMPLE
MEMBRAN E

0

	

1 .0 2 .0

0 .5 1 .5

	

3 . 0
SCALE-INCHES
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FIGURE 7 . 7

Transducer arrangement for indirect tensile test .

2. Set the confining pressure to 10 psi (69 kPa), and apply a deviator stress of 10 ps i
(69 kPa) and then 15 psi (104 kPa), each for 200 repetitions .

3. Set the confining pressure to 15 psi (104 kPa), and apply a deviator stress of 15 ps i
(104 kPa) and then 20 psi (138 kPa), each for 200 repetitions .

After sample conditioning, the following constant confining pressure–increasin g
deviator stress sequence is applied, and the results are recorded at the 200th repetition
of each deviator stress :

1. Set the confining pressure to 20 psi (138 kPa), and apply deviator stresses of 1, 2 ,
5, 10, 15, and 20 psi (6 .9, 14, 35, 69,104, and 138 kPa) .

2. Reduce the confining pressure to 15 psi (104 kPa), and apply deviator stresses o f
1, 2, 5, 10, 15, and 20 psi (6 .9, 14, 35, 69, 104, and 138 kPa) .

3 . Reduce the confining pressure to 10 psi (69 kPa), and apply deviator stresses of 1 ,
2, 5, 10, and 15 psi (6 .9, 14, 35, 69, and 104 kPa) .

4. Reduce the confining pressure to 5 psi (35 kPa), and apply deviator stresses of 1 ,
2, 5, 10, and 15 psi (6 .9, 14, 35, 69, and 104 kPa) .

5 . Reduce the confining pressure to 1 psi (6 .9 kPa), and apply deviator stresses of 1 ,
2, 5, 7 .5, and 10 psi (6 .9, 14, 35, 52, and 69 kPa) . Stop the test after 200 repetition s
of the last deviator stress level or when the specimen fails .

Example 7 .2 :

Table 7 .2 shows the results of resilient modulus tests on a granular material . The distanc e
between the LVDT clamps is 4 in . (102 mm). The average recoverable deformations measure d
by the two LVDTs after 200 repetitions of each deviator stress are shown in Table 7 .2 . Deter-
mine the nonlinear coefficient K l and exponent K2 in Eq . 3 .8 .

Yok e

Lock Nut

Teflon Friction Rin g

Transducer Tip

Lock Nut

Transducer Tip

Holder for Mountin g
Yoke on Specimen
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TABLE 7 .2 Computation of Resilient Modulus for Granular Materials

Confining Deviator Recoverable Recoverable Resilient Stress
pressure Q3 stress ad deformation strain modulus invariant 6

(psi) (psi) (0 .001 in .) e. (x 10-3 ) M R (x 10 3 psi) (psi )

20 1 0 .264 0 .066 15 .2 61
2 0 .496 0 .124 16 .1 62
5 1 .184 0.296 16 .9 65

10 2 .284 0 .571 17 .5 70

15 3 .428 0 .857 17 .5 75
20 4 .420 1 .105 18 .1 80

15 1 0 .260 0 .065 15 .4 46
2 0 .512 0 .128 15 .6 47
5 1 .300 0 .325 15 .4 50

10 2 .500 0 .625 16.0 55
15 3 .636 0 .909 16 .5 60
20 4 .572 1 .143 17.5 65

10 1 0 .324 0 .081 12 .3 3 1
2 0 .672 0 .168 11 .9 32
5 1 .740 0 .435 11 .5 3 5

10 3 .636 0 .909 11 .0 40
15 3 .872 0 .968 15 .5 4 5

5 1 0 .508 0 .127 7 .9 16
2 0 .988 0 .247 8 .1 17
5 2 .224 0 .556 9 .0 2 0

10 3 .884 0 .971 10 .3 2 5
15 5 .768 1 .442 10 .4 3 0

1 1 0 .636 0 .159 6 .3 4
2 0 .880 0 .220 9 .1 5
5 2.704 0 .676 7 .4 8
7.5 3 .260 0 .815 9 .2 10 . 5

10 4.444 1 .111 9 .0 13

Note . 1 psi = 6 .9 kPa, 1 in . = 25 .4 mm .

Solution: The first three columns of data are given . The recoverable strains are obtained b y
dividing the recoverable deformation by an initial length of 4 in . (102 mm) . The resilient modu-
lus is obtained from Eq . 7 .1 . The stress invariant is obtained by

0=o- t +203 = Q d +303

	

(7 .3)

The resilient modulus is plotted against the stress invariant on logarithmic scales, as shown i n
Figure 7 .8 . The least-square lines has an intercept of 3690 psi (25 .5 MPa) at B = 1 psi (6 .9 kPa) ,
which is K 1 , and a slope of log(18 .58/3 .69)/log(100/1) = 0 .351, which is K2 , or

MR = 36906 0 '351

	

(7 .4)
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FIGURE 7 . 8
Example 7 .2 (1 psi = 6 .9 kPa) .

7.1 .4

	

Fine-Grained Soil s

Sample conditioning for fine-grained soils is not as extensive as that for granular mate -
rials . AASHTO recommends the use of a confining pressure of 6 psi (41 kPa) followe d
by 200 repetitions each of deviator stresses of 1, 2, 4, 8, and 10 psi (6 .9, 14, 28, 55, and 6 9
kPa) . After sample conditioning, the following sequences of stresses are applied, and
the results are recorded at the 200th repetition of each deviator stress :

1. Apply a deviator stress of 1 psi (6 .9 kPa) under confining pressures of 6, 3, and 0
psi (41, 21, and 0 kPa) .

2. Apply a deviator stress of 2 psi (14 kPa) under the same decreasing confinin g
pressures of 6, 3, and 0 psi (41, 21, and 0 kPa) .

3. Continue the constant deviator stress–decreasing confining pressure sequenc e
for the deviator stresses 4, 8, and 10 psi (28, 48, and 69 kPa) .

It is believed that a deviator stress of 10 psi is probably the largest that may occu r
in a subgrade. If the resilient moduli at higher deviator stresses are required, larger
deviator stresses should be used until the unconfined compressive strength is reached .
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Example 7 .3 :

Resilient modulus tests were made on a fine-grained soil . The distance between the LVD T
clamps is 4 in . (102 mm) . The average recoverable deformations measured by the two LVDT s
after 200 repetitions of each deviator stress are shown in Table 7 .3 . The unconfined compressiv e
strength of the soil is 15.5 psi (107 kPa) . Determine the coefficients Kt , K2, K3 , and K4 in
Eq . 3 .13 and the maximum and minimum resilient modulus.

TABLE 7 .3 Computation of Resilient Modulus for Fine-Grained Soil s

Deviator Confining Recoverable Resilien t
stress Qd pressure u 3 deformation Recoverable modulus

(psi) (psi) (0 .001 in .) strain Er (10-3 ) M R (103 psi)

1 6 0.392 0 .098 10. 2
3 0.416 0 .104 9 . 6
0 0 .456 0 .114 8. 8

2 6 0.816 0 .204 9 . 8
3 0 .868 0 .271 9. 2
0 1 .040 0 .260 7. 7

4 6 2 .052 0 .513 7. 8
3 2 .224 0 .556 7 . 2
0 3 .020 0 .755 5 . 3

8 6 5 .712 1 .428 5 . 6
3 7 .112 1 .778 4 .5
0 9 .412 2 .353 3 . 4

10 6 7 .692 1 .923 5 .2
3 11 .112 2 .778 3 .6
0 16 .000 4 .000 2 .5

Note . 1 psi = 6.9 kPa, 1 in . = 25 .4 mm.
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FIGURE 7 . 9
Example 7.3 (1 psi = 6.9 kPa) .
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Solution: The first three columns of data are given . The recoverable strains are obtained
by dividing the recoverable deformation by an initial length of 4 in . (102 mm) . The resilient
modulus is computed by Eq. 7,1 . The resilient modulus is plotted against the deviator stress o n
arithmetic scales, as shown in Figure 7.9 . Two straight lines with the best fit are drawn . The inter -
section of the two lines gives Ki = 5600 psi (38.6 MPa) and K2 = 5.2 psi (36 kPa) . The slopes of
the lines are K3 = (10,800 – 5600)/5 .2 = 1000 and K 4 = (5600 – 1600)415 .5 -5 .2) = 388 .
The maximum resilient modulus is 8800 psi (61 MPa), which corresponds to a deviator stress o f
2 psi (14 kPa) . The minimum resilient modulus is 1600 psi (11 MPa), which corresponds to an
unconfined compressive strength of 15 .5 psi (107 kPa) .

It should be noted that the procedures specified in AASHTO T-274 for the test-
ing of granular and fine-grained soils have many shortcomings and were modified b y
the Strategic Highway Research Program to produce more repeatable and less compli-
cated test procedures (Claros et al., 1990) . The main changes are the use of externa l
LVDTs for deformation measurements of all soil types and the complete modification
of loading sequences, eliminating low deviator stresses, which produce high variability ,
and high deviator stresses, which cause sample failures .

Muhanna et al. (1999) found that the number of load applications, the res t
period, and the load sequence have no significant effect on the measured resilient
modulus of two different fine-grained soils . It was also demonstrated that a confin-
ing pressure in the range from 0 to 10 psi (from 0 to 69 kPa) has less than a 5 percen t
effect .

7 .1 .5 Asphalt Mixtures

The specimens used for compression tests are usually 4 in . (102 mm) in diameter an d
8 in. (203 mm) high, while those for indirect tensile tests are 4 in . (102 mm) in diameter
and 2 .5 in . (64 mm) thick . The advantage of indirect tensile tests is to use specimens
of Marshall size, which can be easily fabricated in the laboratory or cored from th e
pavements.

Sample conditioning is required before the recoverable deformation is record -
ed. The conditioning can be effected by applying a repeated load to the specime n
without impact for a minimum period sufficient to obtain uniform deformation
readout . Depending upon the loading frequency and temperature, a minimum of 5 0
to 200 load repetitions is typical ; however, the minimum for a given situation mus t
be determined so that the resilient deformations are stable . Tests on the same speci-
men are usually made at three temperatures—41, 77, and 104°F (5, 25, and 40°C) —
to generate design values over the range of temperatures normally encountered in
pavements .

The resilient modulus of compression specimens is determined from Eq . 7 .1 . A
20-psi (138-kPa) haversine loading with a duration of 0 .1 s and a rest period of 0 .9 s ha s
been most frequently used . The resilient modulus of indirect tension specimens is com -
puted by Eq . 7 .2 . Dynamic load amplitudes of 40 to 60 lb (180 to 270 kN) with a loa d
duration of 0 .1 s applied every 3 s are typical . The test is specified by ASTM (1989b) in
"D4123-82 Standard Test Method for Indirect Tension Test for Resilient Modulus o f
Bituminous Mixtures."
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7 .1 .6 Correlations with Other Test s

Various empirical tests have been used to determine the material properties for pave-
ment design . Most of these tests measure the strength of the material and are not a tru e
representation of the resilient modulus. An extensive study was made by Van Til et al.
(1972) to relate the resilient modulus and other test parameters to the soil support
value or the layer coefficient employed in the AASHO design equation . These correla-
tions can be used as a guide if other, more reliable, information is not available . I t
should be noted that any empirical correlation is based on a set of local conditions . The
correlation is not valid if the actual conditions are different from those under which th e
correlation is established. Therefore, great care must be exercised in the judicious se-
lection of the resilient modulus from these correlations .

Subgrade Soils Figure 7 .10 shows a correlation chart that can be used to estimate th e
resilient modulus of subgrade soils from the R value, CBR, Texas triaxial classification ,
and group index .

R Value The R value is the resistance value of a soil determined by a sta-
bilometer . The stabilometer test was developed by the California Division of Highway s
and measures basically the internal friction of the material ; the cohesion for bonded
materials is measured by the cohesiometer test . Figure 7 .11 is a schematic diagram o f
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Schematic diagram of
stabilometer

stabilometer, which is a closed-system triaxial test . A vertical pressure of 160 psi (1 . 1
MPa) is applied to a sample, 4 in . (102 mm) in diameter and about 4 .5 in. (114 mm) in
height, and the resulting horizontal pressures induced in the fluid within the rubbe r
membrane are measured .

The resistance value is computed a s

R = 100 —
(2.5/D2 ) (pv/ph — 1) + 1

in which R is the resistance value ; pv is the applied vertical pressure of 160 psi (1 .1 MPa) ;
ph is the transmitted horizontal pressure at p.S, of 160 psi (1 .1 MPa) ; and D2 is the displace-
ment of stabilometer fluid necessary to increase horizontal pressure from 5 to 100 ps i
(35 to 690 kPa), measured in revolutions of a calibrated pump handle . The value of D2 i s
determined after the maximum vertical pressure of 160 psi (1 .1 MPa) is applied . If the
sample is a liquid with no shear resistance, then p h = pv , or from Eq . 7 .5, R = 0. If the
sample is rigid with no deformation at all, then ph = 0, or R = 100 . Therefore, th e
R value ranges from 0 to 100 . To ensure that the sample is saturated, California used an
exudation pressure of 240 psi (1 .7 MPa), whereas Washington used 300 psi (2.1 MPa) .

CBR The California Bearing Ratio test (CBR) is a penetration test, wherein a
standard piston, having an area of 3 in . 2 (1935 mm2), is used to penetrate the soil at a
standard rate of 0 .05 in . (1 .3 mm) per minute . The pressure at each 0 .1-in . (2.5-mm)
penetration up to 0 .5 in . (12 .7 mm) is recorded and its ratio to the bearing value of a
standard crushed rock is termed as the CBR. The standard values of a high-qualit y
crushed rock are as follows :

Penetration Pressure
0.1 in . (2 .5 mm) 1000 psi (6 .9 MPa)
0 .2 in . (5 .0 mm) 1500 psi (10 .4 MPa)
0 .3 in . (7 .6 mm) 1900 psi (13 .1 MPa)
0 .4 in . (10 .2 mm) 2300 psi (15 .9 MPa)
0 .5 in . (12.7 mm) 2600 psi (17 .9 MPa)

10 0
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In most cases, CBR decreases as the penetration increasees, so the ratio at the 0 .1-in .
(2 .5-mm) penetration is used as the CBR . In some cases, the ratio at 0 .2 in . (5 .0 mm)
will be greater than that at 0 .1 in . (2 .5 mm) . If this occurs, the ratio at 0 .2 in . (5 .0 mm)
should be used . In the Kentucky method, the specimen is molded at or near to the op -
timum moisture as determined by the standard proctor method . However, the sample
is placed in a mold, 6 in . (152 mm) in diameter and 4.6 in . (117 mm) in height, and com -
pacted in five equal layers, each subjected to 10 blows of a 10-lb (4 .5-kg) hammer at 1 8
in . (457 mm) drop. The specimen is soaked for 4 days before testing .

Texas Triaxial Classification The Texas triaxial test is used to classify soils on
the basis of the location of Mohr's envelope. The apparatus consists of a stainless cylin -
der with an inside diameter of 64 in . (171 mm) fitted with a tubular rubber membrane
6 in. (152 mm) in diameter . The lateral pressure o-3 is applied by compressed air
between the cylinder and the rubber membrane . The major principal stress cr 1 is the
applied stress because the confining pressure is not applied to the top of the specimen .
From the principal stresses at the time of failure, Mohr's circles for several tests wit h
different confining pressures are constructed . Mohr's failure envelope is transferred t o
a classification chart, as shown in Figure 7 .12, and the strength class of the material i s
determined to the nearest tenth .

Group Index The group index, which ranges from 0 to 20, is used in the AASH -
TO soil classification system . The values vary with the percentage passing through a
No. 200 sieve, the plasticity index, and the liquid limit and can be found from charts or
formulas .

Other Correlations In addition to Figure 7 .10, other correlations between MR ,
CBR, and R values are also available . These correlations could be quite different fro m
those shown in Figure 7 .10 .

3 5
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2 5
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0

FIGURE 7 .1 2
Chart for classification of subgrade
and base by Texas triaxial test
(1 psi = 6 .9 kPa) .
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TABLE 7 .4 Comparison of CBR, R Value, and Resilient Modulus

CBR test R value test Triaxial tes t

Soil MR (psi) MR (psi) MR

description CBR by eq. 7 .6 R by eq . 7.7 (psi)

Sand 31 46,500 60 34,500 16,900
Silt 20 30,000 59 33,900 11,200
Sandy loam 25 37,500 21 12,800 11,600
Silt-clay loam 25 37,500 21 12,800 17,600
Silty clay 7 .6 11,400 18 11,000 8200
Heavy clay 5 .2 7800 <5 <3900 14,700

Note . 1 psi = 6 .9 kPa.
Source : After AI (1982) .

Heukelom and Klomp (1962) show tha t

MR = 1500 (CBR)

	

(7 .6 )

in which MR is the resilient modulus in psi . The coefficient, 1500, could vary from 750 to
3000, with a factor of 2. Available data indicate that Eq. 7 .6 provides better results at
values of CBR less than about 20 . In other words, the correlation appears to be mor e
reasonable for fine-grained soils and fine sands than for granular materials.

The Asphalt Institute (1982) proposed the following correlation between MR and
the R value :

MR = 1155 + 555R

	

(7 .7 )

Laboratory data obtained from six different soil samples were used by the Asphalt
Institute (1982) to illustrate the relationships, as shown in Table 7 .4 . The R value s
were obtained at an exudation pressure of 240 psi (1 .7 MPa) . The CBR sample s
were compacted at optimum moisture content to maximum density and soake d
before testing . The repeated load triaxial tests were performed at optimum condi-
tions using a deviator stress of 6 psi (41 kPa) and a confining pressure of 2 psi
(14 kPa) .

It can be seen from Table 7 .4 that the equations for estimating MR from CBR and
R values have a very limited range . The resilient moduli estimated from CBR values o f
5 .2 and 7 .6 and R values of 18 and 21 generally conform to the guidelines for accuracy
within a factor of 2 . Estimates from CBR values of 25 or higher and R values above 60
would appear to overestimate MR by Eqs . 7 .6 and 7 .7 .

It should be noted that the MR of granular materials increases with the increase
in confining pressure, and that of fine-grained soils decreases with the increase in devi -
ator stress . Therefore, a large variety of correlations might be obtained, depending o n
the confining pressure or the deviator stress to be used in the resilient modulus test .

Hot Mix Asphalt Figure 7 .13 shows the relationships of the layer coefficient ,
Marshall stability, cohesiometer values, and resilient modulus .
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FIGURE 7 .1 3
Correlation charts for estimating resilient modulus of HMA (1 lb = 4.45 N, 1 psi = 6 .9 kPa) .
(After Van Til et al. (1972) )

Structural Layer Coefficient In the AASHTO design method, the quality o f
the HMA, base, and subbase is indicated by their structural layer coefficients. These
correlation charts were originally developed to determine the layer coefficients, but
can also be used to determine the resilient modulus . More about layer coefficients is
presented in Section 11 .3 .4 .

Marshall Test The Marshall test is performed on cylindrical specimens, 4 in .
(102 mm) in diameter and 2 .5 in . (64 mm) in height, at a temperature of 140°F (60°C )
and a rate of loading of 2 in. (51 mm) per minute. Two values are measured : the stabil -
ity, which is the required load to fail the specimen, and the flow index, which is th e
vertical distortion at the time of failure . Due to the very fast rate of loading, the sta-
bility is a measure of the cohesion, while the flow index is a measure of the interna l
friction .

Cohesiometer Test The cohesiometer test is used to measure the cohesion o f
HMA or rigidly cemented materials . Figure 7 .14 is a schematic diagram of the cohe-
siometer setup. The load is applied at a control rate by the weight of shot until the sam -
ple breaks. The cohesiometer value is computed a s

C W (0.2t + 0.044t 2 )

in which C is the cohesiometer value in grams per inch width corrected to 3 in . (76 mm)
height, L is the weight of lead shot in grams, W is the diameter or width of specimen i n

L
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Shot receiver

FIGURE 7 .14

Schematic diagram of cohesiometer setup (After Yoder and Witczak (1975) )

inches, and t is the thickness of the specimen in inches. Note that when t = 3 in .
(76 mm), C = LIW .

Bases Figure 7 .15 shows the correlation charts for untreated granular base, bituminous -
treated base, and cement-treated base . The resilient modulus of untreated bases i s
correlated with CBR, R value, and Texas triaxial classification, as shown in Figure 7 .15a ;
the resilient modulus of bituminous-treated bases is correlated with the Marshal l
stability, as shown in Figure 7 .15b; and that of cement-treated bases is correlated with
the unconfined compressive strength, as shown in Figure 7 .15c .

Subbases Figure 7 .16 shows the correlation chart for estimating the resilient modulu s
of granular subbases from CBR, R values, and Texas triaxial classification . For the same
untreated granular materials, the correlations for base, subbase, and subgrade are dif-
ferent, as is illustrated in the next example .

Example 7 .4:

Given CBR values of 30 and 80, determine the corresponding R value, Texas classification, an d
resilient modulus when the materials are used as a base course, a subbase course, and a subgrade .

Solution: The correlations for base, subbase, and subgrade can be obtained from Figures 7 .15a ,
7 .16, and 7.10 . The results are tabulated in Table 7 .5 .

It can be seen from Table 7 .5 that the correlations among CBR, R value, an d
Texas classification are practically the same no matter whether the material is used a s
a base, a subbase, or a subgrade . This is not true for the resilient modulus, where a larg e
variation exists. This is reasonable, because the resilient modulus depends on the state
of stresses, which varies with the location where the material is to be placed .
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Correlation charts for estimating resilient modulus of bases (1 lb = 4 .45 KN, 1 psi =
6.9 kPa) . (After Van Til et al . (1972) )
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TABLE 7 .5 Correlation Between CBR and Resilient Modulu s

CBR = 30 CBR = 80

Texas Texa s
Location R value classification MR (psi) R value classification MR (psi)

Base 65 3 .2 20,000 83 2.1 29,000
Subbase 61 3 .4 14,700 85 2 .3 20,000
Subgrade 64 3 .2 19,000 83 2 .1 39,000

Note . 1 psi = 6 .9 kPa .

7 .2

	

DYNAMIC MODULUS OF BITUMINOUS MIXTURE S

In addition to the resilient modulus, the dynamic complex modulus and the dynamic
stiffness modulus have also been used for pavement design .

7.2.1 Dynamic Complex Modulu s

The difference between a resilient modulus test and a complex modulus test for bitu-
minous mixtures is that the former uses loadings of any waveform with a given rest pe -
riod, while the latter applies a sinusoidal or haversine loading with no rest period . The
complex modulus is one of the many methods for describing the stress—strain relation -
ship of viscoelastic materials . The modulus is a complex quantity, of which the real par t
represents the elastic stiffness and the imaginary part characterizes the internal damp -
ing of the materials . The absolute value of the complex modulus is commonly referre d
to as the dynamic modulus. The theory of complex modulus and Fourier transforms is
presented in Appendix A .

The complex modulus test is usually conducted on cylindrical specimens sub-
jected to a compressive haversine loading (Papazian, 1962) . The same equipment de -
scribed previously for the resilient modulus can be used for the complex modulu s
test . The dynamic modulus varies with the loading frequency . A frequency that mos t
closely simulates the actual traffic load should be selected for the test, so that th e
dynamic modulus thus determined will be equivalent to the resilient modulus fo r
design purposes . The dynamic modulus test is specified by ASTM (1989b) in "D3497 -
79 Standard Test Method for Dynamic Modulus of Asphalt Mixtures ." In the ASTM
method, a haversine compressive stress is applied to the specimen for a minimum o f
30 s and not exceeding 45 s at temperatures of 41, 77, and 104°F (5, 25, and 40°C) an d
at load frequencies of 1, 4, and 16 Hz for each temperature . The axial strains are mea -
sured by bonding two wire strain gauges at midheight of the specimen opposite each
other . The ratio between the axial stress and the recoverable axial strain is th e
dynamic modulus.

Most of the complex modulus tests are made by applying a compressive haver -
sine loading to the specimens . If the specimens are truly viscoelastic, any other testin g
modes should yield the same results . Kallas (1970) investigated the complex modulu s
of HMA under a tension haversine loading and a tension—compression full sine load -
ing. The dynamic modulus and phase angle in tension and tension—compression wer e
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compared to those in compression . The following conclusions were drawn for dense -
graded HMA with asphalt and air void contents within the normal ranges :

1. Differences in dynamic modulus are generally insignificant or relatively smal l
among tension, tension—compression, and compression tests for temperatures
ranging from 40 to 70°F (4 to 21°C) and loading frequencies from 1 to 16 Hz .

2. Differences in dynamic modulus are significant between the tension or ten-
sion—compression test and the compression test at a frequency of 1 Hz and tem -
peratures ranging from 70 to 100°F (21 to 38°C) . Under these conditions, the
dynamic modulus in tension or tension—compression averages about one-half t o
two-thirds of that in compression .

3. Differences in phase angle are pronounced between tension and compressio n
and are less pronounced between tension—compression and compression .

4. The phase angle is greatest in tension, least in compression, and intermediate i n
tension—compression . On the average, the phase angle in tension exceeds that i n
compression by about 50%, and the phase angle in tension—compression exceed s
that in compression by about 25% .

The preceding conclusions might indicate that, if a design is based on the elasti c
theory with a given dynamic modulus for the HMA, any of the foregoing three testin g
modes may be used . However, if the design is based on the viscoelastic theory wit h
both the dynamic modulus and phase angle as design variables, a testing mode consis -
tent with the actual loading conditions should be used . This will probably be a
tension—compression test, as suggested by Witczak and Root (1974) .

The dynamic modulus can also be determined from a bending test . A two point
bending apparatus was developed by Shell for determining the modulus of asphal t
mixtures (Bonnaure et al., 1977) . In this test a trapezoidal specimen fixed at the botto m
is subjected to a sinusoidal load at the free end . A continuous plot of load and defor-
mation at the free end is obtained, and the stiffness modulus of the sample can be cal -
culated . Another means is provided to calculate the stiffness modulus by measuring the
strain on the surface at midlength of the beam with a strain gage . Due to the use of si -
nusoidal loads, the stiffness modulus obtained from Shell nomographs, described i n
Section 7 .2 .3, is actually the dynamic modulus . The test can also be used to determin e
the phase angle. From the stiffness modulus and the phase angle, the complex modulu s
can be obtained.

7 .2.2 Dynamic Stiffness Modulu s

In the fatigue testing of asphalt beam specimens, the elastic modulus at the initial stag e
must be determined, so that the initial strain can be computed . The elastic modulus
based on the resilient deformation of the beam at the 200th repetition is called the dy -
namic stiffness modulus .

Test Method The fatigue testing equipment and procedures are described in Section
7 .3 .1 . Repeated haversine loadings with a load duration of 0 .1 s and a rest period of 0 .4 s
are applied at the third points, as shown in Figure 7 .17 . The size of specimens used by
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FIGURE 7 .1 7

Third-point beam test for dynamic modulus .

the University of California at Berkeley (Deacon, 1965) was 1 .5 in. (38 mm) in width
and depth and 15 in . (381 mm) long . To reduce test variability, the width and depth o f
beams were increased to 3 in. (76 mm) by the Asphalt Institute (Kallas and Puzin-
auskas,1972) .The following formulas based on the elastic theory have frequently bee n
used to compute the stress, stiffness modulus, and strain :

3aP
(7 .9 )

bh2

Pa(3L 2 — 4a 2 )
Es = (7 .10 )

4bh3 A

a

	

12h A
E t = (7 .11 )

Es

	

3L2 — 4a 2

in which a is the extreme fiber stress, a is the distance between the load and the near -
est support, P is the total dynamic load with P/2 applied at each third point, b is the
specimen width, h is the specimen depth, Es is the stiffness modulus based on cente r
deflection, L is the span length between supports, 0 is the dynamic deflection at bea m
center, and e t is the extreme fiber tensile strain . When a = L/3, Eq. 7 .10 become s

23PL3
(7 .12)Es _

108bh30

After considering the shear deformation, Irwin and Gallaway (1974) suggested the us e
of the following equation for E5 :

=
23PL 3

[

	

216h2 (1 + v )
Es

108bh3 A 1 +

	

115L

	

(7 .13 )

In this equation, v is Poisson ratio of the beam . Note that the expression in the bracke t
is the correction factor for shear deformation . The correction factor varies with h/L .
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For a beam with L = 12 in. (305 mm) and v = 0.35, the correction factor is 1 .04 for
h = 1 .5 in . (38 mm) but increases to 1 .16 for h = 3.0 in . (76 mm) .

Example 7.5 :

A beam with a span length of 12 in . (305 mm) and a width and depth of 3 in . (76 mm) is subjecte d
to a dynamic load of 300 lb (1 .34 kN) at third points. The dynamic deflection measured at the cen -
ter of the beam is 6 .25 x 10 -4 in . (0 .016 mm) . Determine the extreme fiber stress and the stiffnes s
modulus by Eqs. 7 .12 and 7 .13 . In applying Eq . 7 .13, a Poisson ratio of 0 .35 may be assumed .

Solution: Given P = 300 lb (1 .34 kN), a = 4 in. (102 mm), and b = h = 3 in . (76 mm) ,
from Eq. 7 .9, o- = 3 x 4 x 300/(3 X 9) = 133 .3 psi (920 kPa) . Given L = 12 in . (305 mm )
and 0 = 0 .000625 in . (0 .016 mm), from Eq. 7 .12, Es = 23 x 300 x (12) 3 /(108 x 3 x 27 X

0.000625) = 2 .18 x 10 6 psi (15 GPa), and from Eq . 7 .13, Es = 2 .18 x 10 6 x 1 .16 = 2.53 x
10 6 psi (17 .5 GPa) .

Relation to Dynamic Modulus All constant stress fatigue tests have shown that th e
dynamic stiffness modulus decreases with the increase in dynamic load, a pattern du e
to the relatively large strain in the flexural test . Witczak and Root (1974) indicated tha t
a plot of log Es versus cr results in a straight line :

Es = EoA1

	

(7 .14 )

in which Eo is the stiffness modulus when ci = 0, and A l is a regression constant depend-
ing upon the particular mix and test temperature. Figure 7 .18 shows the typical plot of on e
type of asphalt mix at a temperature of 70°F (21°C) . The value of Eo for this case is
5 .5 X 105 psi (38 GPa), which is the intercept of the regression line at zero flexural stress .
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FIGURE 7 .1 8

Relationship between stiffness modulus and flexural stress (1 psi = 6 .9 kPa) .
(After Witczak and Root (1974) .)
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Because the stiffness modulus changes with the level of stresses, it cannot be used
as a dynamic modulus in the linear elastic layer system . To define the relationship be -
tween E0 and 1E1 , a regression analysis was conducted by Witczak and Root (1974) o n
the laboratory results of 17 different asphalt mix and temperature combinations tha t
had been tested by both procedures . The loading used for determining the dynami c
modulus was haversine in compression and that for the stiffness modulus was 0 .1 s
haversine and 0 .5 s rest period . The regression equation can be represented by

1E*I = 0 .18089f2 .1456E0(14 .69181f"1-13 .5739)

	

(7 .15)

in which f is the frequency at which I E * I is desired .

Example 7 .6 :

For the results of dynamic stiffness shown in Figure 7.18, determine the dynamic modulus at a
frequency of 8 Hz .

Solution : With Eo = 5 .5 X 106 psi (38 GPa) and f = 8 Hz, from Eq. 7.15, IE * I --
0 .18089(8)2.1456(5 .5 x 106)[14 .6918/(8)°01-1357391 = 4 .932 X 10 6 psi (34 GPa) .

7 .2 .3 Nomographs and Formula s

Determination of the dynamic modulus of bituminous mixtures by laboratory tests not
only is time-consuming, but also requires sophisticated equipment . It is highly desir-
able that the modulus be predictable by nomographs or formulas based on the propert y
of the asphalt and the volume concentration of the aggregate . If actual test data are not
available, the Shell nomographs (Bonnaure et al., 1977) or the Asphalt Institute formu -
las (AI, 1982) can be used to determine the modulus without performing the modulu s
tests . Typical values of the dynamic modulus at different temperatures and frequencie s
are also presented .

Shell Nomographs The term "stiffness modulus" is used by Shell in lieu of the dy-
namic modulus. Two nomographs are used . The first nomograph is applied to deter -
mine the stiffness modulus of bitumen based on the temperature, the time of loading ,
and the characteristics of bitumen actually present in the mix . The second nomograph
is then applied to determine the stiffness modulus of the bituminous mix based on th e
stiffness modulus of the bitumen, the percent volume of the bitumen, and the percen t
volume of the mineral aggregate .

The characteristics of bitumen are expressed as a penetration index, PI, defined as

20 — 500A
PI =

1 + 50A

in which A is the temperature susceptibility, which is the slope of the straight line plo t
between the logarithm of penetration (abbreviated as pen) and temperature, o r

log(pen at T1 ) — log(pen at T2 )
A =

	

T

	

(7 .17 )_ T

	

1

	

2

(7 .16)
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in which Ti and T2 are two temperatures at which penetrations are measured . When the
penetration of the recovered bitumen at two different temperatures is known, the pen-
etration index can be determined by Eqs. 7 .16 and 7 .17 .

A convenient temperature to use is the temperature at the ring and ball softenin g
point as specified by AASHTO (1989) in "T53-84 Softening Point of Asphalt (Bitu-
men) and Tar in Ethylene Glycol (Ring and Ball) ." This is a reference temperature a t
which all bitumens have the same viscosity or penetration of about 800 . Replacing T2 in
Eq. 7.17 by TR&B and pen at T2 by 800 yields

log(pen at T) – log 80 0
A–

	

718
T – TR&B

	

( )

Figure 7 .19 shows the nomograph for determining the stiffness modulus of bitu-
mens (Van der Poel, 1954) . The three factors to be considered are the time of loading ,
temperature, and penetration index. The temperature to be used is the normalize d
temperature, which is the difference between the testing temperature and the temper-
ature when the penetration is 800, or TR&B .

The stiffness modulus of bitumen can be determined by either a creep test with a
loading time t or a dynamic test under a sinusoidal loading with a frequency f. It was
found by Van Der Poel (1954) that the same stiffness modulus is obtained when t i s
related to f by

1
t=

27r f
(7 .19)

It has been suggested by Shell (1978) that a loading time of 0 .02 s, which corresponds to
a frequency of 8 Hz according to Eq . 7 .19, is representative of the range of loadin g
times occurring in practice and equivalent to a vehicle speed of 30 to 40 mph .

Example 7 .7 :

An asphalt cement recovered from a mix has a penetration of 22 at 25°C (77°F) and a ring and
ball softening point of 64°C (147°F) . Determine the stiffness modulus of the asphalt under a
temperature of 11°C (52°F) and a loading time of 0 .02 s.

Solution: Since SI units are used in the Shell nomographs, all computations will be based o n
SI units. From Eq. 7 .18, A = (log 22 – log 800)/(25 – 64) = 0 .04 . From Eq. 7.16, PI = (20 –
500 X 0 .04)/(1 + 50 X 0 .04) = 0 . The temperature below T80open = 64 – 11 = 53°C . As shown
in Figure 7.19, a straight line is drawn from 0 .02 s on the time of loading scale to 53°C below T800pen

on the temperature difference scale and extended to intersect the horizontal line with a penetra -
tion index of O. A stiffness modulus of 2 x 10 8 N/m2 (2 .9 X 104 psi) can be read from the curve.

Figure 7 .20 shows the nomograph for determining the stiffness modulus of bitu-
minous mixtures (Bonnaure et al., 1977) . The three factors to be considered are the
stiffness modulus of bitumen, the percent volume of bitumen, and the percent volum e
of aggregate . The percent volumes of aggregate, bitumen, and air can be compute d
from the percentage by weight of bitumen, the specific gravities of bitumen and aggre -
gate, and the bulk specific gravity of the mixture. The latter can be determined by the
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FIGURE 7 .2 1

Phase diagram o f
bituminous mix .

water displacement method, as specified by AASHTO (1989) in "T166-83 Bulk Specific
Gravity of Compacted Bituminous Mixtures ."

Figure 7 .21 shows the phase diagram of a bituminous mixture . Let W be the total
weight of the mixture and Pb be the bitumen content expressed as a ratio of bitume n
weight to total weight. The weight of bitumen is PbW and the weight of aggregate i s
(1 – Pb )W, as shown on the right side of the diagram . For simplicity, it is assumed tha t
no asphalt is absorbed by the aggregate . If the aggregate is porous and has a significan t
amount of absorption, the weight of asphalt absorbed should be deducted from W an d
not used for the computation .

If the specific gravity of the aggregate is Gg and that of the bitumen is Gb , the volume s
of the aggregate and bitumen are (1 — Pb )W/Gg and PbW/Gb , respectively. If the bulk spe-
cific gravity of the mixture is Gm , the volume of the mixture is W/ Gm . These volumes ar e
shown on the left side of the diagram . By definition, the percent volume of aggregate Vg i s

(1 — Pb)w/Gg
Vg 	

WI G
	 x 100 =

00(1 —	 Pb)Gm
(7.20 )

Gg

The percent volume of bitumen Vb i s

PbW/Gb
x 100 =

100Pb Gm

Vb W/Gm

	

Gb

The percent volume of air void Va is

Va = 100–Vg –Vb (7 .22)

If the aggregate is a combination of several fractions, each with a different specifi c
gravity, the average specific gravity of the aggregate i s

G =

	

100

g PI/GI + P2/G2 + . . . + PnIGn

in which P1 , P2 , . . . , P, is the percentage by weight of each fraction, and G 1 , G2, Gn is
the specific gravity of each fraction . Note that the specific gravities to be used in th e

(1 — P b)W
Gg Aggregate (1 — P b) W

w

PbW
Gb Bitumen PbW

W

W _ (1 — Pb)W P bW
Gm

	

G g

	

Gb Air

(7 .21)

(7 .23)
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above equations are the bulk specific gravity for the aggregates and the mixtures an d
the apparent specific gravity for the bitumen and the mineral filler . The apparent spe-
cific gravity, which is based on the solid volume only, is larger than the bulk specifi c
gravity, which is based on the total volume including the air void .

Example 7 .8:

An asphalt mixture has a bitumen content of 5 .5% by weight and a bulk specific gravity of 2.43 .
The specific gravity of bitumen is 1 .02 and that of aggregate is 2 .85 . If the stiffness modulus of
bitumen is 2 x 108 N/m 2 (2 .9 X 10 4 psi), estimate the stiffness modulus of the mixture .

Solution: From Eq . 7 .20, Vg = 100 x (1 — 0 .055) x 2 .43/2 .85 = 80.6% . From Eq . 7 .21, Vb =
100 x 0 .055 x 2 .43/1 .02 = 13 .1% . The stiffness modulus of the mixture is 1 .1 x 10 10N/m2

(1 .6 x 10 6 psi) and can be read from Figure 7 .20, as indicated by the dashed lines.

Bonnaure et al. (1977) also developed the following equations for predictin g
the stiffness modulus of the mix S m, based on Vg , Vb, and the stiffness modulus of th e
bitumen S b :

1 .342(100 — Vg )
al = 10.82 —

	

V + V

	

(7 .24a )

	

Vg

	

b

/3 2 = 8.0 + 0 .00568Vg + 0.0002135V

	

(7 .24b)
2

/3 = 0.6 log(	
1

1,3 7

.33 Vb

b —

1)

	

(7 .24c)
— 1

(3 4 = 0.7582 (/3 i — /3 2 )

	

(7 .24d)

For 5 x 106 N/m2 < Sb < 109 N/m2 ,

	

log S m = 4 2 ° 3 (log Sb — 8) +	 42	 03 1 log Sb — 81 + /3 2

	

(7 .25a)

For 109 N/m2 < S b < 3 X 10 9 N/m2 ,

log Sm = /3 2 + R4 + 2 .0959(/3 1 — /32 — 04)( log Sb — 9) (7 .25b)

Equation 7.25 is based on SI units with Sm and Sb in N/m 2 . If Sm and Sb are in psi ,
Eq. 7 .26 should be used . For 725 psi < S b < 145,000 psi ,

log S. =	 +/3s
(log Sb — 4 .1612 )

+ /3 4 —	
032

	

1log Sb — 4 .16121 + /3 2 — 3 .8383

	

(7 .26a)

For 145,000 psi < Sb < 435,000 psi ,

log Sm = /3 2 + /34 + 2.0959(/3 1 — /32 — /4)( log Sb — 5 .1612) — 3 .8388

	

(7 .26b)
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Example 7.9 :

For the nine cases with values of Sb , Vb , and Vg shown in Table 7 .6, determine the stiffness modu-
lus of the mixtures by Eqs. 7 .24 and 7 .25 and compare with the nomograph solutions .

TABLE 7 .6 Stiffness Modulus of Mixtures with Various Compositions

Sm (N/m2 )

Case no .

	

S b (Nlm2 )

	

Vb (%)

	

Vg (%)

	

Equation

	

Nomograph

1

	

6 x 106 5 80 1 .5x109 1 .3x10
2

	

6 x 10 6 10 85 1 .8 x 109 1.7 x 109
3

	

6x10 6 40 60 8 .3x10' 9.0x10'
4

	

1x10 8 5 80 6 .6x109 6.9x109
5

	

1x10 8 10 85 1 .1x100 1 .1x107 0
6

	

1 x 10 8 40 60 1 .3 x 109 1 .3 x 109
7

	

2x10 9 5 80 2 .8x10 10 2 .7x101 0
8

	

2x10 9 10 85 3 .6x10 10 4 .8x101 0
9

	

2x10 9 40 60 1 .5 x 10 10 1 .7 x 10 10

Note. 1 psi = 6900 N/m2 .

Solution: For case 1 with an extremely small S b of 6 x 106 N/m2 (870 psi), the detailed calcu-
lations by the formulas are shown below. From Eq. 7 .24, /31 = 10 .82 — 1 .342 (100 — 80) /
(80 + 5) = 10 .504, 13 2 = 8 .0 + 0 .00568 x 80 + 0 .0002135(80) 2 = 9 .821, f3 3 = 0.6 log [(1 .37 x
25 — 1)1(1 .33 x 5 — 1)] = 0 .462, /3 4 = 0 .7582(10.504 — 9 .821) = 0.518 . From Eq . 7 .25a, log
S m = 0 .5(0.518 + 0 .462)[log(6 x 10 6 ) — 8] + 0 .5(0 .518 — 0 .462) Ilog(6 X 106 ) — 81 +9 .821 =
9 .188, or Sm = 1 .5 x 109 N/m 2 (2 .6 x 105 psi), which compares with 1 .3 x 109 N/m2 (1 .9 x
105 psi) from the nomograph . The comparison of S m obtained from the equations and the nomo-
graph is shown at the right of Table 7 .6 . It can be seen that both solutions check quite well i n
most cases. However, for some extreme cases, a large discrepancy exists between the two solu-
tions. Note that Eq. 7 .25a should be used for cases 1 to 6 and Eq. 7 .256 for cases 7 to 9 .

According to Shell International Petroleum (1978), the accuracy of the nomo-
graph, as checked by extensive measurements on a large number of different asphalt
mixes, is a factor of 1 .5 to 2, which is sufficient for practical design . Therefore, the use of
Eqs. 7.24 and 7 .25 to estimate the modulus in a computerized method of design shoul d
be considered acceptable .

Asphalt Institute Formulas In developing the DAMA computer program for the As-
phalt Institute, Hwang and Witczak (1979) applied the following regression formulas to
determine the dynamic modulus of HMA, I E * I :

1 E * = 100,000 x 10 1

	

(7 .27a)

f31 = ,03 + 0 .000005 /32 - 0.0018913 2f -1 .1

	

(7 .27b)

13 2 = (34 5 T05

	

(7 .27c)
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a8 3 = 0.553833 + 0.028829 (P200 f-0 .1703 ) - 0 .03476Va

+ 0.070377A + 0.931757f-0 .02774

	

(7 .27d)

/3 4 = 0.483Vb

	

(7 .27e )

/3 5 = 1.3 + 0 .49825 log f

	

(7 .27f)

In these equations, /3 1 to /3 5 are temporary constants,f is the load frequency in Hz, T i s
the temperature in °F, P200 is the percentage by weight of aggregate passing through a
No. 200 sieve, V, is the volume of air void in %, A is the asphalt viscosity at 70°F i n
10 6 poise, and Vb is the volume of bitumen in % . If sufficient viscosity data are no t
available to estimate A at 70°F, one may use the equation

A = 29,508 .2 (P77°F)-2.1939

	

(7 .28)

in which P77°F is the penetration at 77°F (25°C) . It can be seen that the factors consid-
ered by Asphalt Institute are mostly the same as those by Shell, with the followin g
exceptions :

1. The percentage of fines passing through a No . 200 sieve is considered by AI bu t
not by Shell .

2. The viscosity or penetration of asphalt considered by Shell is determined from
the recovered asphalt, or the asphalt actually present in the mix, while that by A I
is the original asphalt .

3. The temperature and the viscosity of asphalt are considered by AI, whereas th e
normalized temperature, which is the temperature above or below TR&B, and
the penetration index, which indicates the temperature sensitivity of the asphalt ,
are used by Shell .

Example 7 .10 :

An asphalt cement has an original penetration of 70 at 77°F (25°C), a reduced penetration of 5 0
after being recovered from the mix, and a ring and ball softening point of 140°F (60°C) . The mix
containing the asphalt has an asphalt volume of 11%, an air void volume of 5%, and 6% of ag -
gregates passing through a No . 200 sieve. Determine the dynamic modulus of the mix at a tem -
perature of 77°F (25°C) and a frequency of 8 Hz by the AI equations and compare with th e
stiffness modulus of the mix by the Shell nomographs . What are the values of 1E° 1 when the per -
centages passing through a No. 200 sieve are 1 and 11%, respectively.

Solution : First consider the AI method. With P77 .F = 70, from Eq . 7 .28, A = 29,508 .2 x
70-21939 = 2 .64 X 106 poise . Given f = 8 Hz, T = 77°F (25°C), P200 = 6%, Vv = 5%, A =
2 .64 x 10 6 poise and Vb = 11%, from Eq . 7 .27, ,(3 5 = 1 .3 + 0.49825 log 8 = 1 .750, /3 4 =
0 .483 x 11 = 5 .313, /3 3 = 0 .553833 + 0 .028829 x 6 x (8) -01703 - 0 .03476 x 5 + 0 .070377 x
2.64 + 0.931757 x (8)-0.02774 = 1 .567, /3 2 = (5 .313) 0 .5 x (77)1 .75° = 4613 .5, /3 1 = 1 .567 +
0 .000005 x0 .000005 x 4613 .5 - 0 .00189 X 4613 .5 X (8) -1 .1 = 0 .705, and IE * I = 100,000 X
(10) 0 .705 =5 .07 x 105 psi (3 .5 GPa) .

Next consider the Shell method . With P77 .F = 50 for recovered asphalt and TR&B =
60°C (140°F), from Eq . 7 .18, A = (log 50 - log 800)/(25 - 60) = 0 .0344 ; from Eq . 7.16 ,
PI = (20 - 500 x 0.0344)/(1 + 50 x 0.0344) = 1 .029 . With a frequency of 8 Hz, a temperature
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difference of 60 — 25 = 35°C (95°F) and a penetration index of 1 .029, from Figure 7 .19 ,
Sb = 1 07 N/m2 (1450 psi) . With Sb = 10 7 N/m2 (1450 psi), Vb = 11%, and Vg = 100 — 11 —
5 = 84%, from Figure 7 .20, Sm = 2 .1 X 109 N/m 2 (3 .1 x 105 psi), which compares with
3 .5 X 109 N/m2 (5 .1 X 105 psi) from the AI equations .

If P200 = 1%, from Eq .7 .27, /3 3 = 0 .553833 + 0 .028829 X 1 x (8 ) -01703 — 0 .03476 x 5 +
0 .070377 x 2 .64 + 0 .931757 x (8) -0.02774 = 1 .466, /3 1 = 1 .466 + 0 .000005 x 4613 .5 -0 .00189 x
4613 .5 x (8) -1 .1 = 0.604, and = 100,000 x (10)0 .604 = 4.0 x 105 psi (2 .7 GPa) . If P200 =

11%, from Eq . 7.27, 03 = 1 .668, 01 = 0 .806, and 1E * = 6 .4 x 10 5 psi (4 .4 GPa) .

It can be seen that the dynamic modulus increases with the increase in fine con -
tents. An increase of the percentage passing through a No . 200 sieve from 1 to 11 %
increases the dynamic modulus from 4.0 X 10 5 to 6 .4 X 105 psi (2 .7 to 4 .4 GPa). Thi s
change is quite small compared to other factors such as temperature, viscosity ,
frequency, and the volume concentration of bitumen and aggregate.

Typical Ranges Table 7 .7 shows the typical ranges of an HMA modulus at different
temperatures and load frequencies . As indicated previously, a frequency of 8 Hz i s
equivalent to a speed about 35 mph.

7 .3

	

FATIGUE CHARACTERISTIC S

Fatigue of bituminous mixtures and Portland cement concrete under repeated flexur e
is an important factor of pavement design . In this section, the use of laboratory fatigu e
tests, nomographs, and equations to predict the fatigue life is discussed .

7.3 .1

	

Bituminous Mixture s

A variety of methods have been developed for the fatigue testing of bituminous mixtures .
Most of the methods employ the bending of beams, although the bending of plates ha s
also been used (Jimenez and Gallaway, 1962 ; Jimenez, 1972) . In the beam tests, a simpl e
beam with third-point (Deacon, 1965) or center-point loading (Franchen and Verstraeten ,
1974) or a cantilever beam with rotating bending (Pell, 1962) has been used . The repeated
load indirect tensile test has also been employed (Adedimila and Kennedy, 1976) . In
this section, only the beam test with third-point loading is described . The advantage of

TABLE 7 .7 Typical Values of Dynamic Modulus for HMA

Load frequency (Hz )

1 4 1 6

Temperature (°F) Range Mean Range Mean Range Mean

40 6 .0—18 .0 12 .0 9 .0—27 .0 16 .0 10 .0—30 .0 18 . 0
70 2 .0—6 .0 3 .0 4 .0—9 .0 5 .0 5 .0—11 .0 7 . 0

100 0 .5—1 .5 0 .7 0 .7—2 .2 1 .0 1 .0—3 .2 1 .6

Note . Modulus in terms of 105 psi, 1 psi = 6 .9 kPa .
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Two types of controlled loading
for fatigue testing .
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N
CONSTANT STRAIN TEST

third-point loading over the center-point loading is the existence of a constant bendin g
moment over the middle third of the specimen, so any weak spot due to nonunifor m
material properties will show up in the test results. In view of the fact that fatigue test s
are expensive and require a large number of specimens, nomographs and equations fo r
predicting fatigue life are also presented .

Test Procedures Two types of controlled loading can be applied : constant stress an d
constant strain, as shown in Figure 7 .22 . In the constant stress test, the stress remain s
constant but the strain increases with the number of repetitions . In the constant strain
test, the strain is kept constant, and the load or stress is decreased with the number of
repetitions. The constant stress type of loading is applicable to thicker pavements ,
wherein the HMA is more than 6 in . (152 mm) thick and is the main load-carryin g
component . As the HMA becomes weaker under repeated loads, the strain should in -
crease with the number of repetitions. The constant strain type of loading is applicabl e
to thin pavements with HMA less than 2 in . (51 mm) thick because the strain in the
asphalt layer is governed by the underlying layers and is not affected by the decrease in
stiffness of HMA . For intermediate thicknesses, a combination of constant stress an d
constant strain exists.

As can be seen in Figure 7 .22, both stress and strain are larger in the constant
stress test, so the use of constant stress is more conservative . The use of constant stres s
has the further advantage that failure occurs more quickly and can be more easily
defined, while an arbitrary failure criterion, such as a stress equal to 50% of the initia l
stress, is frequently used for the constant strain test .

Figure 7 .23 is a schematic diagram of the fatigue testing equipment. The load i s
applied upward through the piston rod to a beam specimen, 15 in . (310 mm) long with a
width and depth not exceeding 3 in . An electrohydraulic or pneumatic testing machine
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10 . LVDT Holder
3. Restrainer

	

7. Load Bar

	

11 . LVDT
4. Specimen

	

8. Piston Rod

capable of applying repeated tension–compression loads in the form of haversin e
waves for 0 .1-s duration with 0 .4-s rest periods can be used . A sufficient load, approxi-
mately 10% of the upward load, is applied in the downward direction, forcing the bea m
to return to its original horizontal position and holding it at that position during th e
rest period . Adjustable stop nuts installed on the loading rods prevent the beam fro m
bending below the initial horizontal position during the rest period. The dynamic de-
flection of the beam at the midspan is measured with a linear variable differentia l
transformer (LVDT) . The LVDT core is attached to a nut bonded with epoxy cemen t
to the center of the specimen . The repeated flexure apparatus is enclosed in a con -
trolled temperature cabinet.

A range of stresses should be selected so that the specimens will fail within a
range from 1000 to 1,000,000 repetitions. Normally, 8 to 12 specimens are required to
establish the fatigue relationship for a given temperature . Tests at several different
temperatures are required so the effect of stiffness or temperature on the fatigue lif e
can be evaluated .

Analysis The stiffness modulus and the initial strain of each test are determined a t
the 200th repetition by using Eqs . 7 .10 and 7 .11, respectively. The initial strains are plot -
ted versus the number of repetitions to failure on log scales . The plot can be approxi -
mated by a straight line, as shown in Figure 7 .24 and expressed by

Nf = c2(Et) f2

	

(7 .29)

in which Nf is the number of repetitions to failure, c2 is a fatigue constant that is the
value of Nf when E t = 1, and f2 is the inverse slope of the straight line. Under the same

FIGURE 7 .2 3

Fatigue testing equipment .
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FIGURE 7 .2 4

Relationship between strain and number
of repetitions to failure . Log N f

Low Stiffnes s
f,

1

initial strain, laboratory tests show that the number of repetitions to failure decrease s
with the increase in stiffness modulus, so Eq . 7 .29 can also be written as

Nf = ci(Et)-f'-(Es)-f,

	

(7 .30 )

Note that Eq. 7 .30 is similar to Eq . 3 .6 . However, Eq. 7 .30 is based purely on laborato-
ry fatigue tests, whereas Eq. 3 .6 is the extension from laboratory specimens to actua l
prototype pavements . The factor fi for prototype pavements should be much greater
than ci for laboratory specimens due to the fact that wheel loads on actual pavement s
do not apply at the same location and have longer rest periods, both of which increas e
the fatigue life. Also, for thicker pavements, it takes more repetitions for cracks to ap-
pear on the surface to be considered as failure . The Asphalt Institute's fatigue criterio n
is based on the assumption that fi is 18 .4 times greater than e l .

Example 7 .11 :

Fatigue tests were performed on 3-in . x 3-in. (75-mm x 75-mm) beams by the third-point load -
ing with a span of 12 in . (305 mm) . The deflection at the center of beam A and the number of rep-
etitions to failure Nf are shown in Table 7 .8 . Develop an equation relating the number of
repetitions to failure and the tensile strain.

TABLE 7 .8 Results of Fatigue Tests on HMA Specimen s

Test no.

1 2 3 4 5 6 7 8

0 (0 .001 in .) 12 .9 8 .03 8.24 6 .03 4.42 2.81 1 .97 1 .4 8
Nf 1110 3140 4115 6010 30,625 89,970 289,110 915,060

Note . 1 in . = 25 .4 mm.

Solution: The tensile strain for each test can be determined from Eq . 7 .11, or e t = 12 x
3 x i(3 X 144 - 4 x 16) = 0.09780 . The strains for the eight tests are 12 .6, 7.85, 8 .06, 5 .90 ,
4 .32, 2 .75, 1 .93, and 1 .45 x 10-4 . Figure 7 .25 is a plot of e t versus log Nf.
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or

The inverse slope of the straight line f2 = 3/log(11 .9/1 .34) = 3 .162 . The intercept c l
when e t = 1 can be obtained from a given point (log E t , log Nf) on the straight line by

fz

	

log 1 — log e t

log c l = log Nf + fz log e t

	

(7.31)

Given f2 = 3 .162, Ni = 1000, and E t = 11 .9 x 10-4 , from Eq. 7 .31, log cl = log (1000) +
3 .162 log(0 .00119) _ -6 .247 or c f. = 5 .66 X 10-7 . Therefore, the fatigue equation i s

Nf = 5 .66 x 10 7 (Et ) -3162

Nomographs and Equations The fatigue test is a destructive test and is much more
time-consuming than the nondestructive resilient modulus test . To obtain Eq. 7 .30 ,
more than two dozen specimens need to be tested . There is a need to estimate the
fatigue properties by simple nomographs and equations without actually performing
the fatigue tests.

Based on 146 fatigue lines covering a wide range of mixes, bitumens, and testin g
conditions, Shell (Bonnaure et al., 1980) developed separate equations for constan t

log Nf — log cl
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stress and constant strain tests . For constant stress tests ,

e t = [36 .43PI - 1 .82PI(Vb ) + 9.71Vb - 24.04 ]

Sm

	

-0 2s Nf o 2
x 10—6(

5 x 109 )

	

0106

yo

(7 .32)

in which et is the tensile strain, PI is the penetration index defined by Eq . 7 .16, Vb is th e
percentage of bitumen volume in the mix, Sm is the stiffness modulus of the mix in
N/m2 as determined from Figure 7 .20, and Nf is the number of repetitions to failure . I f
Sm is in psi, Eq. 7 .32 can be written as

Nt = [0 .0252PI - 0.00126PI(Vb ) + 0 .00673Vb - 0.0167] 5 et-5 Sm .4

	

(7 .33 )

For constant strain tests,

e t = [36.43PI - 1 .82PI(Vb ) + 9.71Vb - 24.04 ]

x 10
6(

	

N -0.2

5x

S

10 10

)-0 .36

( 1061

	

(7 .34 )

If S m is in psi, Eq . 7 .34 can be written a s

Nf = [0.17PI - 0 .0085PI(Vb ) + 0 .0454Vb - 0 .112] 5 E-t ' Sn; .8

	

(7 .35 )

The solutions of the above equations can be presented in a nomograph, a s
shown in Figure 7.26 . The accuracy of the equations for constant stress tests wa s
reported within ±40% for 90% of the results and that for constant strain tests with -
in ±50% .

Example 7 .12 :

Given Vb = 13%, PI = -0.7, and Sm = 3 .3 X 109 N/m2 , determine the initial strains when fail-
ure occurs at 106 cycles of constant stress and 10 5 cycles of constant strain by using both the
equations and the nomograph .

Solution: For constant stress tests, from Eq. 7.32, e t = [36 .43(-0.7) - 1.82(-0 .7) x
13 + 9.71 X 13 - 24 .04] x 10-6 X [(3 .3 x 109 )/(5 X 10 9 )]—028 x (10 6 /106 ) -02 = 1.1 x 10 -4 .

For constant strain tests, from Eq. 7 .34, e t = [36 .43(-0 .7) - 1.82(-0 .7) X 13 + 9 .71 X 13 -
24.04] x 10 -6 x [(3 .3 x 10 9)/(5 x 10 10 )]—0 .36 x (105406 ) -02 = 4.0 x 10-4 . The initial strain s
obtained from the nomograph shown in Figure 7 .26 are 1 .1 X 10 -4 for the constant stress test
and 4 .2 x 10 -4 for the constant strain test .

The laboratory fatigue equations developed by the Asphalt Institute (AI, 1982 )
are based on the constant stress criterion and can be expressed a s

Nf = 0.00432Cet3 .291 1E * I -0.854

	

(7 .36)

in which

C=10m

	

(7 .37a)
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is the correction factor and

M = 4.84
\
I V	 +V - 0 .69

/
I

	

(7 .37b)
a

	

b

Note that, for a standard mix with an asphalt volume Vb of 11% and an air void volume
of 5%, M = 0 or C = 1. This standard mix is used by the Asphalt Institute in the ninth
edition of the design manual (AI, 1981a) . After multiplying by a factor of 18 .4 to ac -
count for the differences between laboratory and field conditions, the fatigue failur e
criterion becomes

Nf = 0.0796E 3 .29h IE * I -o .ss4 (7 .38 )

in which 1 E'' 1 is the dynamic modulus, which is equivalent to the elastic modulus of th e
asphalt layer in a layer system or the stiffness modulus in the Shell method . A compar -
ison of Eq . 7 .38 with Eq . 7 .33 shows that the exponents in Eq . 7 .38 are somewhat small -
er than those in Eq. 7 .33 . This is not surprising in view of the large variability inherent
in the fatigue tests.

7 .3 .2 Portland Cement Concret e

A fatigue test of portland cement concrete usually applies a repeated flexural loadin g
on beam specimens 15 in . (381 mm) long, 3 in . (76 mm) wide, and 3 in . (76 mm) deep.
Loading is generally applied at the third points, with a rate of 1 to 2 repetitions pe r
second and a duration of 0 .1 s . The extreme fiber stress in the beam is computed by
Eq. 7 .9 . The number of repetitions to failure in log scale, log Nf, is plotted against the
stress ratio, which is a quotient of the stress Q and the modulus of rupture of the con-
crete Sc . The modulus of rupture is determined by the same beam test, but with a
steadily increasing static load, as specified by ASTM (1989a) in "C78-84 Standard Test
Method for Flexural Strength of Concrete Using Simple Beam with Third Point Loading . "

Figure 7 .27 shows the fatigue data obtained by several investigators. It is specu-
lated that concrete will not fail by fatigue when the stress ratio is smaller than 0 .5, al-
though no real limit has been found up to 10-20 million repetitions . The average line
for 50% probability of failure is shown by the solid line in Figure 7 .27 and expressed as

logNf =17.61-17 .61()

	

(7 .39)
Sc

Note that Eq . 7.39 is the same as Eq . 5 .35 with ff = 17.61 and f2 = 17.61 . In the design of
zero-maintenance pavements, Darter and Barenberg (1977) recommended the reductio n
of ff by one order of magnitude, to 16 .61 . The design curve used by the Portland Cemen t
Association, as indicated by Eq . 5 .36, is shown by the broken line. It can be seen that the
PCA fatigue curve lies below most of the failure points and is very conservative .

7.4

	

PERMANENT DEFORMATION PARAMETER S

Permanent deformation is an important factor in flexible pavement design . With the
increase in traffic load and tire pressure, most of the permanent deformation occurs in
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FIGURE 7 .2 7
Results of fatigue tests on concrete from different sources .

the upper layers rather than in the subgrade . To estimate the rut depth, it is necessar y
to determine the permanent deformation parameters of the material for each layer .

Various methods have been used to determine the permanent deformation o f
paving materials. Most methods employ the repeated load test, which is similar to the
resilient modulus test except that loads up to 100,000 repetitions have been applie d
and the permanent deformations at a number of designated cycles have been recorded .

7 .4 .1

	

Basic Principle s

The permanent deformation of paving materials depends strongly on the testing methods
and the procedures used for fabricating and testing the specimens . These variations, to -
gether with the uncertainty in traffic and environmental conditions, make the prediction
of rut depth extremely difficult . Therefore, the use of simplified methods is warranted .

Direct Method When the load is applied over a circular area, the maximum deforma -
tion occurs directly under the center of the area . The rut depth on the pavement sur-
face can be determined by the following direct method :

1. Divide the pavement and subgrade into a number of layers, and estimate th e
vertical and radial stresses at the midheight of each layer .

2. Using the vertical stress due to the applied load as the repeated deviator stres s
and the radial stress due to the applied load and the overburden combined as th e
confining pressure, conduct repeated load tests on laboratory specimens that rep -
resent the actual materials in the field and determine the permanent strains
under a large number of load repetitions .
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3. Compute the vertical deformation of each layer under any given number of rep-
etitions by multiplying the permanent strains obtained from the laboratory test s
with the thickness of the layer .

4. Sum the permanent deformation over all layers to obtain the rut depth on th e
surface .

Unless an equivalent single-axle load and an average set of material propertie s
are used throughout the design period, it is not possible to apply the above method ,
because the stresses in each layer can be any values, depending on the axle load s
and the environmental conditions throughout the year . A more practical approach
is to perform a large number of permanent deformation tests under various stres s
and environment conditions and develop regression equations relating permanen t
strains to these conditions. These regression equations can then be incorporate d
into a multilayer computer program to compute the rut depth, as illustrated b y
Allen and Deen (1986) .

The division of a pavement system into a large number of layers is cumbersome,
and the development of regression equations for each paving material is expensive and
time-consuming . The original VESYS program (FHWA, 1978) used the following sim -
ple method to characterize the permanent deformation properties, although a direct
method was later added as another option .

VESYS Method The method incorporated in the VESYS computer program for th e
prediction of rut depth is based on the assumption that the permanent strain is propor -
tional to the resilient strain by

E p (N) = µEN -a

	

(7 .40)

in which Ep (N) is the permanent or plastic strain due to a single load application (i .e . ,
at the Nth application) ; E is the elastic or resilient strain at the 200th repetition ; N is the
load application number ; ,u, is a permanent deformation parameter representing th e
constant of proportionality between permanent and elastic strains ; and a is a per-
manant deformation parameter indicating the rate of decrease in permanent deforma -
tion as the number of load applications increases . The total permanent deformation
can be obtained by integrating Eq . 7 .40 :

	

/ N

	

N1 a

	

Ep = J E p (N) dN =

	

(7 .41 )
p

	

1 — a

Equation 7.41 indicates that a plot of log E p versus log N results in a straight line, a s
shown in Figure 7 .28 . From Eq. 7 .41 ,

	

log E p = log
/

1
1
	 a ) + (1 — a) log N

	

(7 .42 )

So the slope of the straight line S = 1 — a, or

	

a = 1 — S

	

(7 .43)
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The intercept occurs at N = 1, I = e µl(1 — a), so

1
	 I
102

	

10 3

	

10 4
Log N

FIGURE 7 .2 8
105 Log—log plot of permanent strain

versus number of load repetitions .

(7 .44 )

To determine the permanent deformation parameters of the layer system, a sys
and µsys , from those of the individual layers, it is further assumed that the sum of per -
manent and recoverable strains due to each load application is a constant and equal s
the elastic strain at the 200th repetition . This means that, after the 200th repetition ,

	

e = €p(N) + e r(N)

	

(7 .45)

in which e r (N) is the recoverable strain due to each load application . Substituting
Eq. 7 .40 into Eq . 7 .45 yields

er(N) = €(l — µN-")

	

(7 .46)

Under the same stresses, strains are inversely proportional to the moduli, so Eq . 7 .4 6
can be written as

Er (N) =

	

E

	

=

EN"
(7 .47)1—AN -" N" — µ

in which Er(N) is the elastic modulus due to unloading and E is the elastic modulus
due to loading . Note that Er(N), which is the unloading modulus for each individua l
layer, is not a constant, but increases with the increase of load repetitions . These un-
loading moduli are used to determine the recoverable deformation wr(N) at different
values of N. The permanent deformation wp(N) can then be computed by

	

wp(N) = w — wr(N)

	

(7 .48a)

in which w is the elastic deformation due to loading . Similar to Eq. 7 .40, wp (N) can be
expressed by

	

wp(N) = µsyswN -"ss

	

(7 .48b)

Combining Eqs. 7.48a and b gives

wr(N )

	

"
1 — w = µSysN sus (7 .49)
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FIGURE 7 .2 9
Log-log plot of [1 - wr (N)lw] versus
number of load repetitions .

Equation 7 .49 shows that a plot of log[1 - wr (N)lw] versus log N results in a straight
line, as shown in Figure 7 .29 . The slope of the straight line is a SyS and the intercept at
N = 1 is log µSys .

The determination of a SyS and µSys from the a and µ of each layer can be summa-
rized as follows :

1. Assume several values of N, say 1, 10, 10 2 , 103 , 10 4 , and 10 5 , and determine the
unloading modulus Er(N) of each layer by Eq . 7 .47 .

2. Using the unloading moduli as the elastic moduli, determine the recoverable
deformation wr (N) at the surface by the layered theory.

3. For each N, compute 1 - wr(N)lw and plot it against N on log scales .

4. Fit the plotted points by a least-squares line . The slope of the line is aSyS and the
intercept at N = 1 is gsys .

5. Determine the permanent deformation by Eq . 7 .48b .

Because a and ,u may change with the temperature of bituminous mixtures an d
the state of stresses, the VESYS IV-B program can input different values of a and µ for
different temperatures and loadings to account for nonlinear effects .

Example 7 .13 :

A circular load of radius a and intensity q is applied on the surface of a homogeneous half-spac e
with elastic modulus E, Poisson ratio v, and permanent deformation parameters a and A . Deriv e
an equation for determining the permanent deformation at the center of the loaded area as a
function of the number of load applications .

Solution: The elastic deformation can be obtained from Eq . 2 .8 :

2(1 - v2 )qa
w=

	

E

From Eq . 7 .47, the unloading modulus is

Er (N) =	
EN "

Na _µ

	 1	 I	 I	 I
10

	

to,

	

to'

	

io 4
Log N

1 105
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and the elastic deformation due to unloading i s

2(1 — v2 )ga(Na — µ)
w r =

	

EN a

From Eq . 7 .48a, the permanent deformation i s

	

wp N =
2(1 v2)qa – NN

a
	 µ~ =

2(1 v2)qa

Note that, for a homogeneous half-space, a sys and µSys are the same as a and because there i s
only one material .

Qi and Witczak (1998) used multiple regression to develop the following predic -
tive equations relating a and p, to loading time and rest period, temperature, and stres s
levels :

a = 0.751629 + 0.0438023log(t l) + 0.0231006 log(t d )

	

(7 .50a )

/.A, = 0.00237082 (t1)0 .0651478 (td) -0.107480 (T)1.01843 (s)0.320862

	

(7 .50b)

In these equations, ti = loading time in sec, td = rest period in sec, T = temperatur e
in °F, and s = stress in psi .

Field Calibration Because the performance of in-service pavements may deviat e
significantly from that predicted by use of laboratory calibrated performance mod-
els, the calibration of performance prediction models with data from in-servic e
pavements is an important step in developing accurate rutting prediction models . In
view of the fact that long-term data on rutting and traffic are not readily available ,
Ali and Tayabji (2000) proposed a method using transverse profile data now avail -
able under the LTPP program to back calculate permanent deformation parame-
ters, a and m, for each component layer . The rutting observed on a pavement
surface is an accumulation of the deformation caused by the vertical strains devel-
oped in each layer . If pavement layers are thin, the vertical strain at the middle of a
layer can be assumed as the average of the layer . Given the lateral traffic load dis-
tribution and the cumulative traffic applications, the permanent deformation can b e
obtained by integrating it over all load groups and all pavement layers, resulting i n
the expression (similar to Eq . 7 .41) :

L

~

	

–

	

[ei= Eh. 	 	 ,',r (ni)

	

(7 .50c)
&I {1–aj i= 1

Here, p r = permanent deformation at radial distance r from the load, hj = thickness
of layer j, ei,j,r = vertical elastic strain at the center of layer j and a radial distance r
from the center of load due to one load application of load group i, n, = number of load
applications for load group i, i = load group index from 1 to k, j = layer index from
1 to L, and r = radial distance index . Note that n, varies from one point to the othe r
along the transverse profile, thus making it possible to calibration a and µ , as illustrat -
ed in Figure 7 .28 .
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The transverse profile data are measurements of rutting across the pavement
travel lanes. If a and of each layer are known, the measured surface permanen t
deformation can be compared with the radial surface permanent deformation compute d
by Eq . 7 .50c. Alternatively, a and of each layer can be back calculated by least square
so that the difference between observed and computed permanent deformation will be
minimum .

7.4.2 Types of Tests

Three different types of compression tests, viz ., incremental static, dynamic, and creep
tests, are described . The test equipment and setup are the same as those used for the re -
silient modulus tests described previously. The specimens are usually 4 in . (101 mm) i n
diameter and 8 in . (203 mm) in height . The incremental static test is applicable only t o
bituminous mixtures and fine-grained soils that exhibit a predominant amount of vis-
cous flow, while the dynamic and creep tests can be applied to all kinds of materials . In
performing the tests, care should be taken to assure that test results reflect the effects o f
stress state, temperature, moisture content, and other conditions corresponding to thos e
of the pavement in situ . The VESYS manual recommends the use of an unconfined tes t
with an axial stress of 20 psi (138 kPa) for bituminous mixtures, a confined test with a
confining pressure of 10 psi (69 kPa) and a deviator stress of 20 psi (138 kPa) fo r
untreated granular materials, and a confined test with a confining pressure of 3 psi
(21 kPa) and a deviator stress of 6 psi (41 kPa) for fine-grained soils . A haversine load
with a duration of 0 .1 s and a rest period of 0 .9 s has been frequently used .

Incremental Static Test This is a simplified test and requires much less time t o
perform than the dynamic test . With a dynamic loading time of 0 .1 s, a static load of
t seconds is equivalent to 10t load repetitions . Therefore, the permanent deformation
after a 1000-s creep test is equivalent to that of a dynamic test after 10,000 repetitions .
The procedures for the testing of bituminous mixtures, as suggested in the VESYS
manual (FHWA, 1978), are summarized as follows :

1. For preconditioning, apply two ramp loads of 20 psi (138 kPa) and hold each
peak load for 10-min durations, with a minimum of unload time between them .
A third load is then applied for 10 min, followed by a 10-min rest period .

2. Five different ramp loads, with durations of 0 .1, 1, 10, 100, and 1000 s and rest
periods of 2, 2, 2, 4, and 8 min, are applied successively, as shown in Figure 7 .30 .
The total permanent strains at the end of each rest period are measured .

3. In the fifth ramp load or 1000-s creep test, measure the magnitude of creep
deformations after 0 .03, 0 .1, 0 .3, 1, 3, 10, 30,100, and 1000 s. The 0 .03-s creep strai n
is equivalent to the resilient strain e under a dynamic haversine load of 0.1- s
duration. The creep data should be extrapolated to obtain the strains at 0 .001 ,
0.003, and 0 .01 s so that the creep compliances at 11 time increments can b e
entered into VESYS or KENLAYER.

4. Plot the total permanent strain ep versus the incremental loading time and fi t
with a straight line, as shown in Figure 7 .31 .
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5 . Determine the slope S and the intercept I of the straight line and compute a from
Eq. 7 .43 and p, from Eq . 7 .44, in which e is the creep strain at 0 .03 s.

The same procedures can be applied to fine-grained soils except that a confinin g
pressure of 3 psi (21 kPa) and a deviator stress of 6 psi (41 kPa) is used . Note that tem-
perature control is needed for testing bituminous mixtures but not for soils .

Example 7 .14 :

A load of 20 psi (138 kPa) is applied to a HMA specimen . The average permanent deformation s
after the five ramp loads of 0 .1-, 1-, 10-, 100-, and 1000-s duration, as measured by two LVDT s
attached to the specimen by a pair of clamps, are 0 .0012, 0 .0035, 0 .0117, 0 .0317, and 0 .0635 mm,
respectively. The gauge length, or the distance between the LVDT clamps, is 4 in . (102 mm) . Th e
creep deformation at 0 .03 s is 0.0031 mm. Determine the permanent deformation parameters a
and .r .
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Solution: Dividing permanent deformation by a gauge length of 4 in . (102 mm) gives perma-
nent strains of 1 .2, 3 .5, 11 .5, 31 .2, and 62 .5 x 10 -5 for the five ramp loads, respectively . The
permanent strains are plotted versus the incremental loading times in log scales, as shown in
Figure 7 .32. The plot can be approximated by a straight line with a slope S = (log 74 .3 –
log 1 .31)/4 = 0 .438 and an intercept I = 1 .31 x 10 -5 . From Eq . 7 .43, a = 1 – 0 .438 = 0.562 .
The creep strain at 0 .03 s e = 0 .0031/(4 x 25 .4) = 3 .05 x 10-5 . From Eq. 7 .44, µ = 1 .31 X
0 .438/3 .05 = 0 .188. It is interesting to note that both a and are dimensionless parameters no t
affected by the magnitude of applied load .

Dynamic Test The dynamic test can be performed immediately after the incrementa l
static test without further sample conditioning . If the test is run independently, th e
sample must be preconditioned by applying a sufficient number of repeated loads unti l
the resilient deformation becomes more stable .

The level of the repeated dynamic load and the confining pressure, if any, shoul d
simulate what actually occurs in the field . A minimum of 100,000 load applications i s
usually required, and the accumulated permanent deformation is measured at 1, 10 ,
100, 200, 1000, 10,000, and 100,000 repetitions . At the 200th repetition, both the perma-
nent and the resilient deformations must be measured .

Example 7 .15 :

The resilient strain of a HMA specimen at the 200th repetition is 5 .7 X 1 0 -5 and the permanent
strains at 1, 10, 100, 200, 1000, 10,000, and 100,000 repetitions are 4 .5, 10 .3, 18 .4, 21 .5, 41 .5, 55 .4,
and 96 .5 x 10-5. Determine the permanent deformation parameters a and
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Example 7 .15 .

Solution: The permanent strains are plotted versus the number of load applications and fit-
ted with a straight line, as shown in Figure 7 .33 . The slope of the straight line S = (log 109 –
log 5 .3)/5 = 0 .263 and the intercept at 1 repetition I = 5 .3 x 10 -5 . From Eq . 7 .43, a =-
1 – 0 .263 = 0 .737 . The resilient strain at the 200th repetition is 5 .7 X 10 -5 , so from Eq . 7 .44 ,
µ = 5 .3 X 0 .263/5 .7 = 0 .245 .

Creep Test Creep test can be used not only to obtain the creep compliances at vari-
ous times as an input for the analysis of viscoelastic systems, but also to estimate the ru t
depth due to the permanent deformation of bituminous layer . Van de Loo (1974,1978 )
developed a method for estimating rut depth which was incorporated in the Shell Pave-
ment Design Manual . The rut depth is computed from

Rut depth = Cmhi
crav

	

(7 .51 )
Smix

in which C,,, is a correction factor for dynamic effect with values ranging from 1 to 2 de -
pending on the type of mix, h 1 is the thickness of the asphalt layer, o-av is the average
vertical stress in the asphalt layer, and Smix is the stiffness modulus of the mix. Becaus e
permanent deformation is caused by the viscous component of the mix while S,nix
obtained from the creep test includes both the elastic and viscous components, a mod -
ification of Smix based on the Van der Poel's nomograph and the viscosity of the bitu-
men is needed . Finn et al. (1983) suggested a simplified procedure in which Smix is
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determined directly from the creep test and Cm is assumed to be 1. If the number of
load applications is N, then the creep time in seconds corresponding to N is 0.1N, be-
cause the duration of each load application is 0 .1 s .

Example 7 .16 :

Figure 7 .34 shows a full-depth asphalt pavement 6 in . (305 mm) thick. A circular load with a ra -
dius of 6 in . (152 mm) and an intensity of 100 psi (690 kPa) is applied on the surface . The pave-
ment has a modulus ratio El /E2 of 100 and a Poisson ratio of 0 .5 for both layers . If the HMA ha s
a creep compliance of 2 .1 x 10-5 in . 2 /lb (3 .0 mm2/kN) at a loading time of 1000 s, estimate th e
rut depth after 10,000 load applications.

12 in .

100 psi

	

El = 100E 2

	

v i = 0 .5

	

6 in .

	

E 2

	

v 2 =0 .5

FIGURE 7 .3 4

Example 7 .16 (1 in . = 25 .4 mm,
1 psi = 6 .9 kPa) .

Solution: The distribution of vertical stress in the asphalt layer can be found in Figure 2.14 .
For E2 /E2 = 100, the average stress can be obtained quite accurately by averaging the stresse s
on the surface and at the interface, or Qav = (100 + 8)/2 = 54 psi (373 kPa) . With Smix =

1/(2 .1 x 10-5) = 4.76 x 10 4 psi (328 MPa), Cm = 1, and hi = 12 in . (305 mm), from Eq . 7.51 ,
rut depth = 6 X 54/(4 .76 x 104 ) = 0 .0068 in . (0 .17 mm) . Note that the rut depth is caused b y
the permanent deformation of the asphalt layer only, excluding that caused by the subgrade .

7 .5

	

OTHER PROPERTIE S

Some material properties that are related to pavement design but have not yet bee n
discussed are presented here.

7 .5.1 Modulus of Subgrade Reaction

The modulus of subgrade reaction k is determined from the loading test on a circula r
plate, 30 in . (762 mm) in diameter. To minimize bending, a series of stacked plate s
should be used . The load is applied to the plates by a hydraulic jack . A steel beam tie d
to heavy mobile equipment can be used as the reaction for the load . Deflections of th e
plate are measured by three dial gauges located at the outside edge about 120° apart .
The support for the deflection dials must be located as far from the loaded area as pos-
sible, usually not less than 15 ft (4 .5 m) . Figure 7 .35 is a schematic diagram of the plat e
loading test .

The load is applied at a predetermined rate until a pressure of 10 psi (69 kPa) i s
reached. The pressure is held constant until the deflection increases not more tha n
0.001 in . (0.025 mm) per minute for three consecutive minutes. The average of the
three dial readings is used to determine the deflection . The modulus of subgrade
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Schematic diagram of plate loading test .

reaction is given by

k=
P

A

in which p is the pressure on the plate, or 10 psi, and 0 is the deflection of plate in in .
Since the k value is determined from a field test, it cannot be conducted at vari-

ous moisture contents and densities to simulate the different service conditions or the
worst possible condition during the design life . To modify the k value for condition s
other than those during the field test, laboratory specimens can be fabricated, one hav -
ing the same moisture content and density as those in the field and the other having a
different moisture content and density to simulate the service conditions . The speci-
mens are subjected to a creep or consolidation test under a pressure of 10 psi (69 kPa) ,
and the deformations d at various times are measured until the increase in deforma-
tion becomes negligibly small . The modified k value can be computed as

du
ks =

d5
ku

in which subscript s indicates the service or saturated condition and u indicates the un -
saturated or field condition .

The plate loading test is time-consuming and expensive, so the k value is instead usu -
ally estimated by correlation to simpler tests such as CBR and R value tests . Figure 7 .36
shows the approximate relationship between the k value and other soil properties .

Hall et al. (1995) presented the results of research conducted to develop
improved guidelines for selecting the k-values, together with a review of the evolutio n
of k-value concepts and methods . A variety of methods were proposed to select the
k-values, including correlations with soil types, soil properties, and other tests ; deflec -
tion testing and back calculation methods; and plate-bearing test methods. Guidelines
for seasonal adjustment to k and adjustments for embankments and for shallow, rigi d
layers were also developed .

7.5.2 Elastic Modulus

The ranges of K l and K 2 for untreated granular material are shown in Table 3 .2 and
those of the HMA dynamic modulus in Table 7 .7 . The modulus of fine-grained soi l

(7 .52 )

(7 .53)
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FIGURE 7 .3 6
Approximate relationship between k values and other soil properties (1 psi = 6 .9 kPa, 1 pci =
271 .3 kN/m3 ) . (After PCA (1966) .)

depends on the deviator stress. The maximum and minimum moduli shown in Figure 3 . 6
can be used as a guide . Table 7 .9 shows the ranges of elastic modulus for different materials .

7 .5.3 Poisson Ratio

The mechanistic method of pavement design requires information on the Poisso n
ratio. The Poisson ratio v is defined as the ratio of the lateral strain to the axial strain .



7 .5 Other Properties 32 9

TABLE 7 .9

	

Elastic Moduli for Different Material s

Material Range Typica l

Portland cement concrete 3x10 6 to6x106 4x106
Cement-treated bases 1x106 to3x106 2x106
Soil cement materials 5X104 to2x106 1x106
Lime-flyash materials 5 x 105 to 2 .5 x 106 1x106
Stiff clay 7600 to 17,000 12,000
Medium clay 4700 to 12,300 8000
Soft clay 1800 to

	

7700 5000
Very soft clay 1000 to

	

5700 3000

Note . Modulus in psi, 1 psi = 6.9 kPa .

TABLE 7 .10 Poisson Ratios for Different Materials

Material

	

Range

	

Typical

Hot mix asphalt 0 .30–0 .40 0 .35
Portland cement concrete 0 .15–0 .20 0 .15
Untreated granular materials 0 .30–0 .40 0 .35
Cement-treated granular materials 0 .10–0 .20 0 .1 5
Cement-treated fine-grained soils 0 .15–0 .35 0 .25
Lime-stabilized materials 0 .10–0 .25 0 .20
Lime–flyash mixtures 0 .10–0 .15 0 .1 5
Loose sand or silty sand 0 .20–0 .40 0.3 0
Dense sand 0 .30–0 .45 0 .35
Fine-grained soils 0 .30–0 .50 0.40
Saturated soft clays 0 .40–0 .50 0.45

By measuring the axial and lateral strains during a resilient modulus test, the Poisso n
ratio can be determined . Because Poisson ratio has a relatively small effect on pave-
ment responses, it is customary to assume a reasonable value for use in design, rathe r
than to determine it from actual tests . Table 7 .10 shows typical Poisson ratios fo r
paving materials .

7 .5.4 Portland Cement Concret e

The fatigue and modulus of rupture for portland cement concrete were discussed i n
Section 7 .3 .2 . Some other concrete properties directly related to rigid pavement desig n
are presented in this section .

The compressive strength is a universal measure of concrete quality and durabil-
ity. As the information on compressive strength is readily available, studies have bee n
made to correlate compressive strength with other properties . A general relationshi p
between the modulus of rupture and the compressive strength is

Sc = 8\/7 , to 10\/f ,

	

(7 .54 )

in which S, is the modulus of rupture in psi and f ', is the compressive strength in psi .
The relationship between the indirect tensile strength and the compressive strength, as
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suggested by the American Concrete Institute, is

ft = 6.5

	

f ',

	

(7 .55 )

in which ft is the indirect tensile strength in psi . The relationship between the modulu s
of elasticity and the modulus of rupture is (ERES, 1987 )

43 .5E
` + 488.5S~

	

106 (7 .56a )

or

E~ = (Sc - 488.5) x 2 .3 X 10 4 (7 .56b )

For normal weight concrete, the American Concrete Institute suggested

E~ = 57,000 V, (7 .57)

The coefficient of thermal expansion ranges from 3 to 8 X 10 -6/°F (5.4 to
14 .4 x 10 -6 /°C), with 5 x 10-6/°F(9 x 10 -6 /°C) as typical. The coefficient of drying
shrinkage ranges from 0 .5 to 2 .5 x 10 -4, with 1 x 10-4 as typical .

SUMMARY

This chapter describes the various methods for characterizing paving materials, includ-
ing resilient and dynamic moduli, fatigue characteristics, and permanent deformatio n
parameters .

Important Points Discussed in Chapter 7

1. In the analysis of layer systems under moving loads, the elastic modulus to b e
used for each layer is the resilient modulus obtained from the repeated loa d
tests.

2. Theoretically, the load pulse for repeated load tests should vary with the vehicl e
speed and the location of the material below the pavement surface . Practically, a
haversine load with a duration of 0 .1 s and a rest period of 0.9 s has been fre-
quently used .

3. Both the resilient and dynamic moduli have been used as the elastic modulus for
bituminous mixtures . The difference between a resilient modulus and a dynami c
modulus is that the resilient modulus is measured under a haversine pulse with a
rest period, the dynamic modulus under a sinusoidal or haversine pulse with n o
rest period . The effect of rest period is insignificant, as evidenced by the fact tha t
the same dynamic modulus is obtained no matter whether a sinusoidal or a
haversine pulse is used .

4. The resilient modulus of untreated granular materials and fine-grained soils ca n
be determined from the repeated load triaxial compression tests . Procedures for
testing these materials are described, and the results are analyzed to determine
the various parameters .

5. Correlations between the resilient modulus and other properties, such as CBR ,
R value, Texas triaxial classification, group index, Marshall stability, and cohesiomete r
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value, are presented . These correlations are only approximate and should be se -
lected with great care, because the properties are related more to the shea r
strength than the resilient modulus . The dynamic modulus of bituminous mix-
tures can be predicted by Shell nomographs and AI equations .

6. The high tensile strains frequently used in the fatigue testing of bituminous mix-
tures make the dynamic stiffness modulus decrease with the increase in dynamic
load, so it cannot be used as an elastic modulus . However, a correlation betwee n
the dynamic stiffness modulus and the dynamic modulus has been established for
design purposes .

7. The fatigue testing of bituminous mixtures is time-consuming and expensive . To
shorten the testing time, a haversine loading with a duration of 0 .1 s and a rest
period of 0 .4 s, instead of the 0 .9 s for the resilient modulus test, is usually used .
Two types of fatigue test can be performed . The constant stress test, in which
the strain increases with the increase in number of load repetitions, is applica -
ble to thick pavements; the constant strain test, in which the strain is kept con -
stant by reducing the stress as the number of load repetitions increases, i s
applicable to thin pavements . The use of the constant stress test for thin pave-
ments is more conservative and results in a shorter design life. Nomographs and
equations developed by Shell and AI can be used to predict the number o f
repetitions to failure.

8. The fatigue life of portland cement concrete depends on the stress ratio, which i s
a quotient between the flexural stress and the modulus of rupture . It is impracti-
cal to perform fatigue tests for a specific project because the variability of the tes t
results requires a large number of tests and a great expense involved . Further -
more, a sufficient amount of data, as shown in Figure 7 .27, is available and can be
used for design purpose . The PCA design criterion is very conservative an d
results in a fatigue life much lower than the average life .

9. The permanent deformation properties of bituminous mixtures and fine -
grained soils with sufficient viscous flow can be evaluated by the incrementa l
static test, the dynamic test, and the creep test, whereas those of granular ma-
terials and fine-grained soils with little viscous flow can be evaluated only b y
the dynamic test . In conducting the permanent deformation test, care shoul d
be taken that the stresses used in the test be representative of those actuall y
occurring in the in situ pavement, so that the effect of nonlinearity can b e
ignored .

10. The modulus of subgrade reaction k can be determined from a plate loading tes t
using a circular plate 30 in . (762 mm) in diameter . Because the test is time -
consuming and does not simulate the service conditions, it is customary to corre -
late the k value with other simpler tests such as CBR and R value, instead o f
performing the plate loading test.

PROBLEMS

7.1 The results of repeated load tests on a granular material are tabulated in Table P7 .1 .
Develop an equation relating the resilient modulus to the first stress invariant or the su m
of three principal stresses . [Answer: MR = 175000711 ]
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TABLE P7 . 1

Confining pressure (psi) 2 5 10 20 2
Deviator stress (psi) 6 15 30 60 6
Recoverable strain (10-4 ) 5 .8 7 .4 9 .5 11 .4 6.0

7.2 A fine-grained soil has an unconfined compressive strength of 2 .3 tsf. The results of
repeated load tests are tabulated in Table P7 .2 . Develop an equation relating the resilien t
modulus to the deviator stress. What should be the maximum and minimum resilient modul i
for this soil? [Answer : Kf = 8300, K2 = 7.9, K3 = 1010, K4 = 145, Emax = 14,200 psi and
E mirs = 4850 psi]

TABLE P7 . 2

Deviator stress (psi)

	

2

	

4

	

7

	

14

	

20

	

2 8

Recoverable strain (10-4 )

	

1 .41

	

3 .20

	

7 .61

	

18 .90

	

30 .32

	

51 .8 1

7 .3 The flexural stresses and the initial moduli for a series of fatigue tests on HMA specimen s
are shown in Table P7 .3 . Determine the dynamic modulus for a frequency of 8 Hz b y
Eq. 7 .15 . [Answer : 8 X 10 5 psi]

TABLE P7 . 3

Test No . 1 2 3 4 5 6 7 8 9
Stress (psi) 278 254 228 197 185 165 137 115 9 1
Initial stiffnes s

modulus (1 05 psi) 1 .00 1 .14 1 .15 1 .34 1 .60 2.87 2 .22 2.78 3 .1 5

7 .4 The results of fatigue test on an asphalt treated base are shown in Table P7 .4 . Develop an
equation relating the number of repetitions to failure and the initial tensile strain .
[Answer: Nf = 6 .66 X 10-8 (e,) -3 .5 ]

TABLE P7 . 4

Test No.
Initial strain (10-3 )
Fracture life (N1 )

1
3 .1 5
35

2
2 .61
75

3
2 .49
100

4
1 .9 2
294

5
1 .5 9
340

6
1 .27
970

7
1 .0 9
1630

8
0.873
357 3

7.5 An asphalt mixture has an asphalt content of 7% and a bulk specific gravity 2 .24. The
recovered asphalt has a specific gravity of 1 .02, a ring and ball softening point of 120°F, an d
a penetration of 50 at 77°F. The specific gravity of the aggregate is 2 .61 . Determine the
stiffness modulus of the mixture at a temperature of 74°F and a loading time of 0 .02 s by
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the Shell nomographs shown in Figures 7 .19 and 7 .20 . Check the result by Eq. 7 .25 .
[Answer : 2 X 109 N/m 2 ]

7.6 The asphalt mixture is the same as in Problem 7 .5 . The mineral aggregate has 5% passin g
through a No. 200 sieve, and the original asphalt has a penetration of 75 at 77°F . Determine
the dynamic modulus at a temperature of 74°F and a loading frequency of 8 Hz by the A I
equations . [Answer: 3 .8 x 10 5 psi]

7.7 The asphalt mixture in Problem 7 .5 is subjected to an initial tensile strain of 0 .00015 .
Determine the number of repetitions to failure by the nomograph shown in Figure 7 .26,
using constant stress and constant strain tests, respectively, and check the results by usin g
Eqs . 7.33 and 7 .35 . [Answer : 8 .8 x 105 and 8 .1 x 101

7.8 The asphalt mixture in Problem 7-6 is subjected to an initial strain of 0.00015 . Determin e
the number of repetitions to failure by Eqs. 7 .36 and 7.37 . [Answer : 6 .4 X 105 ]

7.9 The results of incremental static test on a HMA specimen are shown in Table P7 .9 . If the
creep strain at a time duration of 0 .03 s is 3 .045 x 10-5 , determine the permanent defor-
mation parameters a and p . [Answer : a = 0 .558 and /1, = 0 .186 ]

TABLE P7 . 9

Load duration (s) 0.1 1 10 100 1000
Permanent strain (10 -5) 1 .158 3 .474 11 .533 31 .172 62 .483

7 .10 The results of a dynamic test on a HMA specimen are shown in Table P7 .10. If the elastic
strain at the 200th repetition is 4 .128 x 10-5 , determine the permanent deformation para-
meters a and µ . [Answer : a = 0 .705 and .r = 0 .187 ]

TABLE P7 .1 0

No . of repetitions

	

1

	

10

	

100

	

200

	

1000

	

10,000

	

100,00 0
Accumulated permanent

strain (10-5 )

	

2 .360

	

5 .831

	

12 .773

	

13 .930

	

19.715

	

36 .281

	

73 .50 6
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Drainage Desig n

8.1

	

GENERAL CONSIDERATIO N

Drainage is one of the most important factors in pavement design . Until recently, this
factor had not received the attention it merits . One misconception is that good drainage
is not required if the thickness design is based on saturated conditions . This concept ma y
have been true during the old days when the traffic loading and volume were small . As
the weight and number of axle loads increase, water can cause more damage to pave-
ments, such as by pumping and by degradation of paving materials, not merely by the los s
of shear strength . Theoretically, an internal drainage system is not required if the infiltra -
tion into the pavement is smaller than the drainage capacity of the base, subbase, an d
subgrade. Because the infiltration and drainage capacity vary a great deal and are diffi-
cult to estimate, it is suggested that drainage layers be used for all important pavements ,
such as the premium or zero-maintenance pavements described in Section 1 .2 .3 .

8.1 .1 Detrimental Effects of Wate r

Water enters the pavement structure either by infiltration through cracks, joints, pave-
ment surfaces, and shoulders or as groundwater from a high water table, interrupte d
aquifers, and localized springs . The detrimental effects of water, when entrapped in th e
pavement structure, can be summarized as follows :

1. It reduces the strength of unbounded granular materials and subgrade soils .

2. It causes pumping of concrete pavements, with subsequent faulting, cracking, and
general shoulder deterioration .

3. Under high hydrodynamic pressure generated by moving traffic, pumping of fines i n
the base course of flexible pavements can also occur, with resulting loss of support .

4. In northern climates with a depth of frost penetration greater than the pavemen t
thickness, a high water table causes frost heave and the reduction of load-carrying
capacity during the frost melting period .

334
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5. Water causes differential heaving over swelling soils .

6. Continuous contact with water causes stripping of asphalt mixture and induce s
durability (or "D") cracking of concrete .

8.1 .2 Movement of Water

The movement of water in pavement structures can be caused by gravity, by capillar y
action, by vapor pressures, or by a combination of any of them . The flow in granular
materials is basically due to gravity; that in fine-grained soil is mostly due to capillary
action . In the absence of gravity and capillary flows, water moves primarily in the vapor
phase in response to differences in vapor pressure .

The movements of water due to gravity obey Darcy ' s law of saturated flow,

v = ki

	

(8 .1 )

in which v is the discharge velocity, k is the coefficient of permeability (simply calle d
permeability), and i is the hydraulic gradient, which is the head loss between two points
divided by the distance between them . The discharge velocity can be used to determin e
the discharge as

Q = vA

	

(8 .2)

in which Q is the discharge, or the volume of flow per unit time, and A is a cross -
sectional area normal to the direction of flow. It can be seen that the discharge veloci -
ty is not the actual seepage velocity through the pores, but is an imaginary velocity fo r
computing the discharge.

Darcy's law can be used in conjunction with the continuity equation to form th e
differential equation governing groundwater flow. A convenient and practical way t o
solve the equation is by drawing the flownets, as illustrated by Cedergren (1977) . In
many simple cases encountered in drainage design, Darcy's law can be applied directl y
to determine the amount of seepage .

Example 8.1 :

Figure 8 .1 shows a pavement with a thin granular drainage layer . The infiltration of surface wate r
into the drainage layer is 0 .5 ft3/day/ft2 (0.15 m3/day/m2) . The drainage layer is placed on a 5-ft
(1 .5-m) sand layer with a permeability of 0 .15 ft/day (5 .3 X 10 -5 cm/s) . The sand layer is under -
lain by a very previous gravel deposit, and there is no water table in the sand layer . Estimate the
required discharge capacity of the drainage layer .

Infiltration = 0 .5 ft3/day/ft2
Pavement

	

Drainage Layer

Sand
K = 0 .15 ft/day

Gravel

5 ft

FIGURE 8 . 1

Example 8 .1 (1 ft = 0.305 m) .
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Solution: Because the thickness of the sand layer is small compared to the width of the pave-
ment, it is reasonable to assume that the flow of water through the sand is in the vertical direc-
tion, so Darcy's law can be applied directly. The thinness of the drainage layer allows th e
pressure head on the top of sand layer to be treated as zero. Both the top and the bottom of sand
layer are subjected to the same atmospheric pressure, so the head loss between top and botto m
is equal to the difference in elevations, or 5 ft (1 .5 m) . The distance between the top and th e
bottom is also 5 ft (1 .5 m), so the hydraulic gradient is 5/5, or 1 . Note that when the same at-
mospheric pressure exists at both top and bottom, the hydraulic gradient is always equal to 1 ,
irrespective of the thickness of sand layer. From Eq. 8.1, v = 0 .15 X 1 = 0.15 ft/day
(5 .3 x 10 -5 cm/s), which is the same as a discharge rate in ft3/day/ft2 . Therefore, the required
discharge capacity of the drainage layer is 0.5 - 0 .15, or 0 .35 ft3/day/ft2 (0 .11 m3/day/m 2) .

If the sand layer in this example is very thick, the flow channel becomes wider a t
greater depths . As more areas become open to the flow, the amount of seepage in -
creases. Therefore, the use of Darcy's law for drainage design by assuming the flo w
lines to be vertical is on the conservative side. The analysis of unsaturated flow by cap -
illary action is much more complicated . Both the permeability and the hydraulic gradi -
ent due to the change in capillary heads are functions of moisture content and ar e
sometimes influenced by the past moisture conditions .

It is well known that moisture moves in vapor form from warmer to cooler re-
gions . The vapor condenses under the pavement at night when the pavement become s
cool . In northern temperate climates, there is a downward migration of moisture vapo r
from the warmer surface to the cooler subsurface in the summer and a correspondin g
upward movement of moisture in the winter . This upward movement of water vapor i s
partially responsible for the high moisture content in granular bases .

8.1 .3 Methods for Controlling Water in Pavement s

The detrimental effects of water on pavements can be minimized by preventing it from
entering the pavement, providing drainage to remove it quickly, or building the pave-
ment strong enough to resist the combined effect of load and water .

Prevention The prevention of water from entering the pavement structure require s
intercepting groundwater and sealing the pavement surface . The detrimental effects of
groundwater have been well documented, and highway engineers have paid consider-
able attention to intercepting groundwater . Less attention has been given to sealin g
the surface to exclude infiltration from rain and snow melt . As a result, a considerable
amount of water often enters the pavement structure . Because complete prevention i s
not possible during the useful life of a pavement, the installation of internal drainag e
systems to remove water could be needed .

To minimize the infiltration of surface water into the pavement, a good surface
drainage is always required. Figure 8 .2 shows typical cross sections for a two-lane and a
multilane highway. To facilitate surface drainage, transverse slopes are introduced in al l
tangent sections of roadway. Except where super-elevation of curves directs all wate r
toward the inside, two-lane highways usually have each lane sloping in a different di -
rection. To make driving easier, each half of a divided highway is sloped individually,
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2:1 Fill Slopes on High

(a)

	

Fills-Usually With Guard Rail

Shoulder

2 :1 Cut Slopes i n
Deep Cut

Rounded except in Rock Shoulder

4 :1 or 6:1 Cut Slopes
in Shallow Cuts

Inslope 4 : 1
or Flatter

Hinge Point
4 :1or6 :1Fil l

Slopes on Low Fill s

/ Rounded

Natural Ground	
Low Fill

Natural Groun d
High Fill

Median
Inside

Shoulder Lane s
2 or More-12 ft Wide

Shoulde r

Variable width
and Design

Roadway Symmetrica l
E

	

•

	

~

About Centerline

(b)

FIGURE 8 . 2

Cross sections of typical highways (1 ft = 0 .305 m) .

usually with the outside edges lower than the inside edges . Table 8 .1 shows the trans -
verse slopes of pavements, shoulders, and ditches .

Removal If water enters the pavement structure either through infiltration or a s
groundwater, it must be removed quickly before any damage can be initiated . Three
different drainage installations, either individually or in combination, have been use d
most frequently for pavement design : drainage layer or blanket, longitudinal drain, an d
transverse drain .

TABLE 8.1 Transverse Slopes of Pavements, Shoulders, an d
Ditche s

Feature

	

Pavement

	

Shoulder

	

Ditch

Slope (in ./ft)

	

3 - 3

	

3 3

	

3-
6

16 8

	

8 4
Slope (%)

	

1 .5—3 .0

	

3 .0—6 .0

	

25 .0—50 . 0

Slop e
-*--

Slope Slop e

Note . 1 in./ft = 82 mm/m .
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Shoulder

	

Pavement Surface

(a) Longitudinal Drai n
with Collector Pip e

FIGURE 8. 3

Drainage blanket with alternate longitudinal drain .

(b) Daylighted Constructio n
for Drainage Blanket

Figure 8 .3 shows a drainage blanket for intercepting surface infiltration . The
drainage blanket can be terminated with longitudinal drains and pipe outlets, as show n
in (a), or daylighted by extending to the side slope, as shown in (b) . To minimize the in -
trusion of fines, all materials surrounding the drainage blanket and the longitudina l
drain must meet the filter criteria (discussed later) . The use of longitudinal drains is
more reliable and may be even more economical than the daylighted construction . The
disadvantages of the daylighted construction are the propensity to contamination an d
clogging of the outlet at the side slope during construction and maintenance opera-
tions, the smaller hydraulic gradient caused by the wider blanket, and the possibility o f
carrying water from the side ditch to the pavement structure, instead of from the pave -
ment structure to the side ditch . The longitudinal drains can be French drains without
the perforated or slotted pipes. However, these pipes are usually used because they ca n
accommodate larger flows and thus reduce the dimensions of French drains required .

Figure 8 .4 shows the location of drainage layer in a pavement structure. In
(a), the base course is used as a drainage layer and satisfies both the requirements o f
strength for a base course and the permeability for a drainage layer . In (b), th e
drainage layer is placed on the top of subgrade, either as an extra layer not considere d
in thickness design or as a part of the subbase. The placement of the drainage layer di -
rectly under the PCC or HMA is preferable because the water can be drained out mor e
quickly, thus eliminating any chance for pumping to occur . However, it has the disad -
vantages that the deficiency of fines in the drainage layer could cause stability prob -
lems and that the water in the subbase cannot drain readily into the drainage layer . I f
the drainage layer is placed on the top of subgrade, the permeability of the base an d
subbase must be greater than the infiltration rate, so that water can flow freely to the
drainage layer .

Another concept is to consider the subbase as a separation layer, instead of a filter
(Mallela et al., 2000) . The separation layer is a dense-graded aggregate material (stabi-
lized or unstabilized) placed between the permeable base and the subgrade. It has
three main functions : to maintain separation between the permeable base and th e
subgrade and prevent them from intermixing ; to form an impermeable barrier tha t
deflects water from the permeable base horizontally toward the pavement edge ; and to
support construction and compactive effort of base and surface layers .
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Pavement

	

Shoulde r

HMA or PCC

	

Bas e

Subbas e

Drainage Layer

Subbas e

O

(a) Base as Drainage Layer

Pavement

	

Shoulder

HMA or PCC

Base and Subbase meet Permeability Criteri a

Drainage Laye r

(b) Drainage Layer below Subbase or as Part of Subbas e

NOTE: All Materials Surrounding Drainage Layer
Must Meet Filter Criteria

Figure 8 .5 shows the use of a longitudinal drain parallel to the roadway to lowe r
the groundwater table. If the general direction of groundwater flow is parallel to th e
roadway, such as when the roadway is cut more or less perpendicular to the existin g
contours, then transverse drains can be more effective in intercepting the flow .

Longitudinal trench drains were used by Arkansas, Florida, Louisiana, and Ne w
Mexico for improving the drainage of existing rigid pavements (FHWA, 1986) . The

Bedrock

FIGURE 8 . 5

Longitudinal drains for lowering groundwater table . (After Moulton (1980) )

Original Groun d
Proposed Cut Slope

	

Original Watertable

Drawdown Curve With Onl y
Two Outside Drains (Dashed
Portion Shows Theoretical
Location of Phreatic Line
If Only Soil Were Present )

Drawdown Curve With
Three Drains

FIGURE 8. 4
Location of drainage layer and
filter . (After Ridgeway (1982))
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trench was placed adjacent to the concrete pavement and is therefore called an edge
drain . Using similar designs with trench drains and collector pipes, these states reporte d
that edge drains can remove water satisfactorily and are considered cost effective . A per -
formance survey of five-year-old edge drains representing 120 miles (192 km) i n
Louisana indicated that 75% of the system continued to provide moderate to rapi d
drainage and the remaining 25% experienced clogging of the ends of lateral outlet pipes .
Most of the clogged laterals began to drain upon cleaning, indicating no major problem s
in draining water from the trench. These pavements all contain cement-treated bases .

Stronger Pavement Sections The use of thicker HMA or PCC can greatly reduce th e
hydrodynamic pressure and its detrimental effects . The Asphalt Institute strongly ad-
vocates the use of full-depth asphalt pavements . According to AI (1984), vapor move -
ment is probably a primary cause of moisture entering and saturating granular bases ,
and this problem can be eliminated by the construction of a full-depth asphalt pave-
ment placed directly on the native soil . The same is true for PCC pavements with stabi -
lized bases. Because water can still enter into the subgrade through cracks and joint s
and along the pavement edges, the thickness design should be based on a saturate d
subgrade, if no drainage layer is installed .

8.2

	

DRAINAGE MATERIALS

Drainage materials include aggregates, geotextiles, and pipes . Aggregates can be used
as drainage layers and French drains or as filter materials for their protection . Geotex-
tiles are used mainly to replace aggregates as filters . Pipes can be perforated, slotted, or
open-jointed types to be placed inside the French drain to collect water, or the conven -
tional type to convey water laterally to the outlet .

8.2.1 Aggregates

Aggregates to be used for drainage layers and French drains should consist of sound ,
clean, and open-graded materials . They must have a high permeability to accommodat e
the free passage of water and be protected from clogging by means of a filter .

Permeability Figure 8 .6 shows the grain size curve and permeability of some typica l
open-graded bases and filter materials . The grain size is always plotted in log scale
and the percent passing in arithmetic scale . The sizes in inches corresponding to the
sieve numbers are also shown, to facilitate the determination of various sizes fo r
filter design .

Effect of Fines It has long been recognized that proper gradation and densit y
are vital to the stability of granular materials . The gradation required for stability usu -
ally ranges uniformly from coarse to fine . To obtain the desired permeability, the fin e
portions need be deleted; thus, the stability of the drainage layer can be adversely af-
fected. This effect can be compensated for by stabilizing the drainage layer with a smal l
amount of asphalt or portland cement . Table 8 .2 shows the permeability of untreate d
and asphalt-treated open-graded aggregates . It can be seen that the use of 2% asphalt
reduces the permeability only slightly.
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TABLE 8.3

	

Grain Size, Density, and Permeability of Graded Aggregates

% Passing Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

4
in . 100 100 100 100 100 10 0

85 84 83 81 .5 79 .5 7 5

in . 77 .5 76 74 72 .5 69 .5 6 3
No.4 58 .5 56 52 .5 49 43 .5 3 2
No.8 42.5 39 34 29 .5 22 5 . 8
No.10 39 35 30 25 17 0
No.20 26 .5 22 15 .5 9 .8 0 0
No.40 18.5 13 .3 6 .3 0 0 0
No.60 13 7 .5 0 0 0 0
No.140 6 0 0 0 0 0
No.200 0 0 0 0 0 0
Dry density (pcf) 121 117 115 111 104 10 1
k(ft/day) 10 110 320 1000 2600 3000

Note . 1 in . = 25 .4 mm, 1 pcf = 157.1 N/m3 , 1 ft/day = 3 .5 X 10-4 cm/s .
Source . After Barber and Sawyer (1952) .

The effect of fines passing through a No. 200 sieve on the permeability of sampl e
1 is shown in Figure 8 .7 . The effect depends on the type of fines . The permeability i s
about 10 ft/day (3 .5 x 10 -3 cm/s) with no fines and decreases to 2 x 10-2 to
5 X 10 -5 ft/day (7 x 10 -6 to 1 .7 x 10-8 cm/s) with 25% fines .

FIGURE 8 . 7
Effect of fines on permeability of sampl e
1 (1 ft/day = 3 .5 x 10-4 cm/s) . (Afte r
Barber and Sawyer (1952).) Percentage Passing 200 Mesh Sieve
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Effect of Grain Size A number of approximate relationships have been sug-
gested between permeability and grain size . The most frequently used approximation i s
the one suggested by Hazen for filter sands :

k = CkD io

	

(8 .3 )

in which k is the permeability in mm/s, Dio is the effective size, or the grain size corre -
sponding to 10% passing, and Ck is an experimental coefficient dependent on the na-
ture of soil . Experimental evidence suggests that the acceptable approximate values
for k can be obtained when Hazen's formula is applied over a wide range of soils. Table 8 . 4

gives the range of suggested values for the coefficient Ck .
In addition to the effective size D10, other sizes, such as D15 , D50 , and D85 , have

been used for the design of filters . If the values of percent passing, a and b, for two
grain sizes, Da and Db , are given, then the size DX for any percent passing x between a
and b can be computed by linear interpolation, as shown in Figure 8 .8 :

log Dx = log Da + b_ 	 a log
Db

	

(8 .4 )
Da

Example 8 .2 :

If 3% of minus 200 fines is added to sample 1 in Table 8 .3, determine D10 of the sample .

Solution: The two successive sieves for determining D 10 are No . 140, or Da = 0.105 mm, an d
No. 60, or Db = 0 .25 mm . In the original sample, 6% pass No. 140 and 13% pass No . 60 . After
adding 3% fines, a = (6 + 3)/1 .03 = 8 .7% and b = (13 + 3)/1 .03 = 15 .5% . From Eq . 8 .4,
log D10 log 0.105 + (10 — 8 .7)415 .5 — 8 .7) log(0.25/0 .105) _ -0.907, or D10 = 0 .124 mm.

TABLE 8 .4 Values of Hazen's Coefficien t

Soil type D10 range (mm) Ck (1/mm-s)

Uniform sand 0 .06—3 .0 8—1 2
Well-graded sands and silty sands 0 .003—0 .6 5—8

Source . After Whitlow (1990) .

x

a

b ------——----

Grain Size

FIGURE 8 . 8

Interpolation between tw o
grain sizes.
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Moulton (1980) developed the following empirical equation for determining th e
permeability of granular drainage and filter materials :

6.214 x 105 (D1o) 1 .478 (n) 6.65 4

k =

	

(8 .5a )
(P200)° .597

Here, k is the permeability in ft/day, Dl o is the effective size in mm, which is the size a t
10% passing, and n is the porosity, which can be computed from the dry unit weight a s

n = 1 — 62 .4G5

	

(8 .5b )

in which yd is the dry unit weight in pcf and GS is the specific gravity of solids . A majo r
limitation of the formula is that it cannot be applied to materials with no fines passin g
the No. 200 sieve.

Example 8 .3 :

If 3% of minus 200 fines is added to sample 1 in Table 8 .3, determine its permeability by Eq . 8 .5 .
It is assumed that the specific gravity of solids is 2 .7 and that the dry density increases by 3% due
to the addition of fines .

Solution: With yd = 1.03 x 121 = 124 .6 pcf (19 .6 kN/m2) and GS = 2 .7, from Eq . 8 .5b ,
n = 1 — 124 .6/(62 .4 X 2 .7) = 0 .260 . From Example 8 .2, D10 = 0 .124 mm and P200 = 3 /
1 .03 = 2.91 . From Eq . 8.5, k = 6 .214 x 105 (0 .124) 1 .47' (0.26) 6 .654/(2 .91) 0597 = 1 .92 ft/day .

Asphalt-Treated Bases Lindly and Elsayed (1995) developed the followin g
regression equation for estimating the permeability of asphalt-treated bases :

k = 852 .298 — 248 .665 Pb + 97.507 VQ — 95 .52 P#8

	

(8 .6)

In this equation, k = coefficient of permeability in feet per day, Pb = percent asphal t
cement by total weight of sample, VQ = percent air voids by total volume of sample ,
P#8 = percent by weight passing no . 8 sieve (2 .36 mm). This equation was based on
1 .5-in . (38-mm) top size aggregates with 2 to 3 percent asphalt, as used by most high -
way agencies in the design of asphalt-treated drainage layers .

Filter Criteria Any aggregate used for drainage must satisfy the following filter criteria .

Clogging Criterion The filter material must be fine enough to prevent the adja-
cent finer material from piping or migrating into the filter material, as indicated b y

D15 filter
5

	

(8 .7 )

in which D15 and D85 are the grain size corresponding to 15 and 85% passing, respectively,
and can be obtained from the grain size curves of each material . This criterion should be
applied not only to the filter material but also to the drainage layer . For example, if the

D85 soil
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subbase is designed as a filter, as shown in Figure 8.3, Eq . 8 .7 should be applied first b y

considering the subbase as the filter and the subgrade as the soil and then by consider -
ing the drainage layer as the filter and the subbase as the soil . This will prevent migra-
tion of the subgrade material into the subbase and of the subbase material into th e
drainage layer .

Permeability Criterion The filter material must be coarse enough to carr y
water without any significant resistance, as indicated b y

D15 filte r

D15 soil

	

5

	

(8 .8 )

This criterion need be applied only to the filter or the subbase . The drainage layer i s
highly permeable, and this criterion can certainly be satisfied .

Additional Criteria Equations 8 .7 and 8 .8 were originally developed by Be-
tram (1940), with the advice of Terzaghi and Casagrande . The work of Betram was late r
expanded by the U.S. Army Corps of Engineers (1955) and, to make the grain siz e
curves of filters and protected soil materials somewhat parallel, an additional require -
ment, as indicated by Eq . 8 .9, was added :

D50 filter

	

<— 25

	

(8 .9 )
D50 soil

To minimize segregation, the Corps of Engineers further specified that filter
materials must have a coefficient of uniformity, which is a ratio between D60 and D10 ,
not greater than 25 . To prevent the fines in the filter from infiltrating into th e
drainage layer, Moulton (1980) recommended that the amount of fines passin g
through a No . 200 sieve be not greater than 5%, or D5 of filter >_ 0 .0029 in . (0 .074 mm) .
If the protected soil contains a large percentage of gravels, Sherard et al. (1963 )
indicated that the filter should be designed on the basis of material finer than 1 in .
(25.4 mm) .

Example 8 .4 :

Can the open-graded base with a permeability of 20,000 ft/day (70 mm/s), as shown in Figure 8 .6, b e
placed directly on a subgrade soil with D15 = 0 .0013 in . (0 .033 mm), D50 = 0.0055 in. (0 .038 mm) ,
and D85 = 0 .021 in . (0 .53 mm)? If a subbase is to be placed between the subgrade and the open -
graded base, which of the filter materials shown in Figure 8 .6 can be used as a subbase ?

Solution: When the base is placed directly on the subgrade, the base is considered as filter
and the subgrade as soil . The D15 and D50 of base can be determined by Eq . 8 .4. From the grain
size curve in Figure 8 .6, D 15 is between Da = 0 .19 in. (4 .8 mm) and Db = 0 .375 in . (9 .5 mm) with
a = 1% and b = 32%. From Eq. 8.4, logD15 = log0 .19 + [(15 — 1)/(32 — 1)] log(0 .3751
0 .19) = -0 .588, or D15 = 0 .26 in. (6 .6 mm). By following the same procedure, log D50 =-
log 0.5 + [(50 — 47)1(66 — 47)] log(0 .75/0 .5) = -0 .273, or D50 = 0.53 in . (13 .5 mm). From
Eq. 8 .7, (D15 of base)/(D85 of subgrade) = 0 .26/0 .021 = 12 .4, which is greater than the maxi-
mum of5 required, so the criterion is not satisfied . From Eq. 8 .8, (D15 of base)/(D15 of
subgrade) = 0 .26/0 .0013 = 200, which is greater than 5 and is considered satisfactory. From
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Eq. 8 .9, (D50 of base)/(D50 of subgrade) = 0 .53/0 .0055 = 96.4, which is greater than the maximum
of 25 required, so the criterion is not satisfied . Therefore, the base should not be placed directl y
on the subgrade, because Eqs. 8 .7 and 8 .9 are not satisfied .

When a subbase is placed between the subgrade and the base, the analysis shoul d
be divided into two steps . First consider the subbase as filter and the subgrade as soil .
From Eqs. 8.7, 8.8, and 8.9, the requirements of the subbase are as follows :
D15 < 5 x 0.021 = 0 .105 in . (2.67 mm), D15 > 5 X 0.0013 = 0 .0065 in . (0.17 mm),
and D50 25 x 0.0055 = 0 .138 in . (3 .5 mm) . Next consider the base as filter and the
subbase as soil . Based on Eqs. 8 .7, 8 .8, and 8 .9, the requirements of the subbase ar e

D85 ? 0.26/5 = 0 .052 in . (1 .32 mm), D15 0 .26/5 = 0 .052 in . (1 .32 mm), and D50
0.53/25 = 0.0212 in . (0 .54 mm). The preceding six requirements can be reduced to th e
following three :

0 .0065 in . (0 .17 mm)

	

D15 <_ 0 .052 in . (1 .32 mm )

0.0212 in . (0 .54 mm)

	

D50

	

0 .138 in . (3 .5 mm )

D85 ? 0 .052 in . (1 .32 mm )

A review of the five filter materials in Figure 8 .6 indicates that, except for the
coarsest material—that having a D50 of 0 .18 in . (4 .6 mm)—all the foregoing require-
ments are satisfied . Because the finest filter material has slightly more than 5% passin g
No. 200 and is not considered acceptable, only the three intermediate materials, thos e
having permeabilities of 10, 20, and 50 ft/day (3 .5 X 10 -3 , 7 .0 x 10-3 , and 1.8 x
10 -2 cm/s), can be used .

8.2 .2 Geotextile s

Geotextiles are filter fabrics that can be used to protect the drainage layer from clog-
ging. In addition to the two general requirements to retain soil and to allow water t o
flow, geotextiles must have sufficient opening areas to prevent them from clogging .
They must be made from strong, tough, polyester, polypropylene, or other rot-proo f
polymeric fibers formed into a fabric of the woven or nonwoven type . They must be
free of any treatment or coating that might significantly alter their physical properties .
They must be dimensionally stable to keep the fibers at their relative position wit h
respect to each other and provide adequate in-service performance .

Filter Criteria A variety of filter criteria have been developed by a number of orga-
nizations and researchers . From a review of these criteria, the Geotextile Engineerin g
Manual (FHWA, 1989) suggested the use of more stringent criteria when the hydraulic
loadings are severe or the performance of the drainage system is critical to the protec -
tion of roadways and pertinent structures . For less severe and less critical applications,
cost savings can be realized by using the less stringent criteria . In view of the fact that
the fabrics used for drainage are neither severe nor critical, only the less stringent cri -
teria suggested by the manual are presented here .
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The most important dimension of geotextiles is the apparent opening size, AOS ,

defined as the size of glass beads when 5% pass through the geotextile . The method for

determining AOS is specified by the ASTM (1989a) . There are two conflicting

requirements for AOS. To achieve the maximum retention of soils, the smallest open -
ing size (the largest AOS in terms of sieve number) should be used; yet, to minimize the
clogging of fabrics, the maximum opening size (the lowest AOS) should be used .

Retention or Pumping Resistance Criteria

1. For fine-grained soils with more than 50% passing through a No . 200 sieve :

Woven :

	

AOS < D85

	

(8 .10a)

Nonwoven: AOS 1 .8D85

	

(8 .10b)
AOS No. 50 sieve or opening smaller than 0 .297 mm

	

(8 .10c)

2 . For granular materials with 50% or less passing through a No . 200 sieve :

AOS �- B x D85

	

(8 .11 )

inwhich B=1 when C„2or ~8,B=0.5C,, when 2_<C,, 4,B=8/Cu
when 4 < C„ < 8, and C u is the coefficient of uniformity = D 6 o/Dlo.

3. When the protected soil contains particles from 1 in . (25 .4 mm) to those passing
through a No. 200 sieve, only the portion passing through a No . 4 sieve should be
used to determine the grain size.

Permeability Criteria Methods for determining the permeability of fabric ar e
specified by the ASTM . As with soils, both the constant and the falling head method s
can be used . The result gives the permittivity of the fabric, which must be multiplied b y
the thickness of the fabric to obtain its permeability. To reduce hydraulic head loss in
the filter and increase drainage efficiency, the fabric must be more permeable than th e
adjacent soil :

k(fabric) j k(soil) (8 .12)

Equation 8 .12 can usually be satisfied unless the soil is extremely permeable.

(8 .13a)

Clogging Criteri a

Woven:

	

Percent open area >_ 4%
Nonwoven :

	

Porosity

	

30% (8 .13b)

Example 8 .5 :

Figure 8 .9 shows the grain size curves of two different soils, as indicated by the solid curves .
Determine the required AOS of woven fabrics to retain the soils .
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Example 8 .5 (1 in . = 25 .4 mm) .

Solution: For the fine-grained soil, from Figure 8 .9, D85 = 0 .24 mm. From Eq . 8 .10a,
AOS 0.24 mm, so an AOS of No. 70, which corresponds to an apparent opening size o f
0 .21 mm, can be used . The selection of No . 70 also satisfies Eq. 8 .10c .

For the granular material, only the fraction passing No . 4 is used for determining the grain
size, as shown by the dashed curve in the figure. For any given grain size, the percent finer on th e
dashed curve can be obtained by dividing that on the solid curve by 0 .57, which is the fractio n
passing through the No . 4 sieve . From the dashed curve, D85 = 2 .4 mm, D60 = 0 .78 mm, and
D10 = 0 .042 mm. From Eq. 8 .11, with Co = 0 .78/0 .042 = 18 .6, B = 1, or AOS 1 x 2 .4 =
2 .4 mm. Therefore, an AOS greater than No . 16, which corresponds to an apparent opening siz e
of 1 .19 mm, can be used .

Applications Geotextiles for subsurface drainage may be used as an envelope of
trench drains, a wrapping of pipe drains, or a filter of drainage layers . Figure 8 .10 show s
the various uses of geotextiles for pavement subdrainage .

In the design of subdrainage, geotextiles should be given consideration as a n
alternative design . Due to the relative ease of installation as compared to the difficulty
of placing a filter aggregate and a coarse aggregate in separate layers without contam-
ination, the use of geotextiles may be more cost effective .

Healey and Long (1972) described the use of prefabricated "fin" drains for longi-
tudinal drains . These drains basically consist of a fin with vertical channels covered
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Subgrade

(a) Edge Drain

Blackfill

PCC
Filte r

Subbase

Subgrade

	

Fabric

- Fabric Overlap, if Req' d

(b) Subbase Drain

HMA

	

Blackfill

Base

	

Filte r

Subbas e

Subgrade

	

Fabric

- Fabric Overlap if Req' d

(c) Base Drain

FIGURE 8 .1 0
Use of geotextiles for subsurface drainage .
(After Haliburton and Lawmaster (1981) . )

with drainage fabric. The channels are connected to the pipe, as shown in
Figure 8 .11 . Water enters through the drainage fabric, runs down the channels int o
the pipe, and is carried away from the site . This system can be installed in ver y
narrow trenches and does not require any special fill, thus saving excavation an d
aggregate costs .

8.2 .3

	

Pipes

The pipes to be used for subdrainage may be made of concrete, clay, bituminized fiber ,
metal, or various plastics with smooth or corrugated surfaces . When used as under -
drains, most are perforated or slotted ; a few have open joints, so that the water can flo w
freely into the pipes. They must be surrounded by suitable aggregates or fabrics as fil -
ter materials to prevent the openings from clogging . When used as outlet pipes, they d o
not need perforations, slots, or open joints and can be placed in a trench and backfille d
with native soils .

Filter Criteria When perforated or slotted pipes are used for the collection and
removal of water, the material in contact with the pipes must be coarse enough that n o
appreciable amount of this material can enter into the pipes . The criteria used by the U.S.
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Slip o n

Receive Fin

	

Couplin g

(a) Typical Components

FIGURE 8 .1 1
Use of prefabricated fin drain in trench. (1 in . = 25 .4 mm) . (After Healey and Long (1972) )

Army Corps of Engineers (1955) for pipes with slots and circular holes are as follows :

For slots :

For circular holes :

For open-jointed pipes, the U.S. Bureau of Reclamation (1973) specifies that

DS5 of filter material

Applications Various types and sizes of pipes are available and can be used for th e
collection system. Physical strength is a major concern because the pipes could be sub -
jected to heavy construction loading and rough handling . They must be durable unde r
the physical and chemical environments to which they will be exposed . For example,
metal pipes should not be used in areas of mine wastes and coal seams, to avoid corro -
sion by acid water . Some plastic pipes should not be placed in areas with gnawin g
rodents . Existing ASTM and AASHTO specifications and manufacturer's design rec-
ommendations should be consulted in selecting the proper types. Precedents based on
past experience and history of performance together with economic consideration s
generally play an important role in the selection process .

Filte r
Cloth
Encasin g
Fin an d
Pipe

Filter
Cloth

(b) Installation

Maximum opening of pipe > Z

D85 of filter materia l

D85 of filter material

Slot width

	

> 1 . 2

> 1 . 0
Hole diameter

(8 .14 )

(8 .15 )

(8 .16)
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Collector pipes are generally placed on compacted bedding material with perfo-

rations or slots down to reduce the possibility of sedimentation in the pipe and to lowe r

the static water level in the trench. However, in extremely wet and muddy situations ,

where maintaining the trench and bedding materials in a free draining condition is dif-
ficult, it may be advisable to place collector pipes with the perforations and slots up o r
oriented somewhat laterally toward the direction of flow .

Outlet pipes should be installed at convenient intervals to convey the collecte d
water to a suitable and safe exit point . The exit must be protected from natural an d
man-made hazards. This protection generally consists of a headwall and a combination
of screens or valves and markers. Screens are usually adequate to prevent small ani-
mals or birds from nesting or depositing debris in the pipes . If high flows with a level
above the outlet pipe are expected to occur in the outfall ditches, flap valves can b e
used to prevent backflow or deposition of debris . Suitable markers should be installe d
at each outlet site to facilitate inspection and maintenance .

8.3

	

DESIGN PROCEDURE S

Figure 8 .12 shows the cross section of a two-lane highway with asphalt shoulders . The con-
crete pavement is 9 in . (229 mm) thick with an open-graded subbase that also serves as a
drainage layer . The drainage layer is 6 in. (152 mm) thick and is connected to the perfo-
rated or slotted collector pipes for lowering the water table and removing the inflow . This
figure is used in the examples that follow to illustrate the design procedures.

8.3 .1

	

Estimation of Inflow

The major sources of inflow are surface infiltration, groundwater seepage, and meltwa -
ter from ice lenses . Surface infiltration is the most important source of water and
should always be considered in subdrainage design . Whenever possible, groundwater

Perforated or Slotted

	

Ho = 20.0 ft
Collector Pipe

Impervious Boundary

FIGURE 8 .1 2
Subdrainage of rigid pavement in cut section (1 ft = 0.305 m, 1 in. = 25 .4 mm) .
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should be lowered by deep longitudinal drains and should not be allowed to seep int o
the pavement structure, as shown in Figure 8 .5 . If this is not feasible, the amount o f
seepage entering the drainage layer should be estimated . The meltwater from ice lens -
es needs to be considered only in northern climates with frost heave . Because frozen
fine-grained soils are very impermeable, it is unlikely that flow from both groundwater
and meltwater would occur at the same time. Therefore, only the larger of the inflow s
need be considered .

Surface Infiltration When water table is at a considerable distance below the pave-
ment surface, as in the case of a high fill, surface infiltration is probably the only water
to be considered for subdrainage design. Cedergren et al. (1973) recommended that
the design infiltration rate be found by multiplying the 1-h duration/1-yr frequenc y
rain rate by a coefficient varying from 0 .33 to 0.50 for asphalt pavements and 0 .50 to
0.67 for concrete pavements. Figure 8 .13 shows the 1-h duration/1-yr frequency precip-
itation rates in the United States .

Given the results of infiltration tests in Connecticut, Ridgeway (1976) indicate d
that the duration of rainfall is a more critical factor than the intensity . He found that
the amount of infiltration can be related directly to cracking and suggested that a n
infiltration rate 4 of 2 .4 ft3 /day/ft of crack (0 .22 m3 /day/m) be used for design . The
infiltration rate per unit area q; can be expressed as

qi = W +WWeC +kp
p

	

p s

(8 .17)

MONT

	

N. D. 1, MILAN

OKLA\i AR K

FIGURE 8 .1 3
Maximum 1-h-duration/1-yr-frequency precipitation in the United States (1 in. = 25.4 mm) .
(After Cedergren et al. (1973))
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in which I, is the crack infiltration rate, No is the number of longitudinal cracks, Wp i s

the width of pavement subjected to infiltration, WW is the length of transverse cracks or

joints, C is the spacing of transverse cracks or joints, and kp is the rate of infiltration

through uncracked pavement surface, which is numerically equal to the coefficient o f
permeability of HMA or PCC and is exceedingly small . By assuming that NN = N + 1 ,

where N is the number of traffic lanes, We = Wp , kp = 0, and the infiltration rate is

0 .1 ft 3 /h/ft of crack, the inflow rate can be written as (Ridgeway, 1982)

q=q;Wp=0.1(N+1+
W

Cp
) (8 .18)

in which q is the inflow rate in ft3 /h/linear ft of pavement and Cs is the joint spacing for
concrete pavements and is 40 ft (12 .2 mm) for asphalt pavements .

Example 8.6 :

The two-lane pavement shown in Figure 8 .12 has a width of 24 ft (7 .3 m) and a joint spacing of 15 ft
(4 .6 m). Compute the amount of surface infiltration q; using Eq . 8 .18 . Assume that the pavement
is located in Connecticut. Determine the surface infiltration by Cedergren's method .

Solution: Given N = 2, Wp = 24 ft (7 .3 m), and Cs = 15 ft (4.6 m), from Eq . 8 .18 q = 0.1 x
(2 + 1 + 24/15) = 0 .46 ft 3 /h/ft of pavement (0 .042 m3 /h/m), or q, = 0 .46/24 = 0 .0192 ft 3 /h/ft2
(0 .00585 m3/h/m 2 ), which is equivalent to 0.23 in ./h (5 .8 mm/h), or 0 .46 ft/day (0.14 m/day) . In de-
termining q;, the effect of paved shoulders is not considered . It is assumed that the infiltration
through the shoulders is the same as that through the pavement . When the drainage layer ex-
tends over the entire roadway, the infiltration through the pavement per unit area is applied ove r
the entire roadway, including the shoulders.

If the pavement is located in Connecticut, from Figure 8 .13, the 1-h duration/1-yr frequen-
cy precipitation rate is 1 .1 in . (28 mm). Cedergren's recommendation is to apply a coefficient o f
0 .50 to 0 .67, so the surface infiltration ranges from 0 .55 to 0 .74 in ./h (14 .0 to 18 .8 mm/h) .

In this example, the infiltration obtained by Cedergren's method is much greate r
than that by Eq . 8 .18 . The results will check better in the western part of the Unite d
States, where there is less precipitation. It is recommended that Eq. 8 .18 be used in the
eastern part of the United States, because it is more rational and is based on field mea-
surements . However, Cedergren's method can be used as a check, and, if necessary, the
larger of the two can be used.

Groundwater Seepage If the drainage layer is used to lower the water table, in addi-
tion to providing drainage for surface infiltration, the chart shown in Figure 8 .14 can be
applied to determine the inflow from groundwater . The chart is applicable to the gen-
eral case where an impervious boundary lies at a certain distance below the drainag e
layer. The inflow is divided into two parts. The inflow above the bottom of the drainage
layer is q1 and can be determined from

k(H — H0 ) 2
q 1 =

	

2L,
(8 .19)
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The inflow below the drainage layer is q2 and can be determined from Figure 8 .14 . Note

that q 1 and q2 are the volume of flow per unit time per unit length of the longitudina l

drain . The lateral flow is

qL = q1 + q2

	

(8 .21 )

The groundwater inflow to the drainage layer per unit area i s

2q2

qg W -

in which W is the width of the roadway. However, if the pavement is sloped to one sid e
and the collector pipes are installed only on one side, as shown in Figure 8 .12, the lat -
eral inflow per unit length of pipe is

qL = 2 ( ql + q2)

	

(8 .23 )

and

q1 +2q2

qg

	

w

Example 8 .7 :

For the situations shown in Figure 8 .12, if the native soil is a silty sand with a permeability of 0 .3 4
ft/day (1 .2 x 10-4 cm/s), determine the inflow qL to the longitudinal drain and q g to the drainag e
layer .

Solution: Given H = 25 ft (7 .6 m) and Ho = 20 ft (6 .1 m), from Eq. 8 .20, L i = 3 .8 x
(25 — 20) = 19 ft (5 .8 m) . From Eq . 8 .19, q 1 = 0 .34 x (25 — 20) 2/(2 x 19) = 0 .22 ft3/day/ft of
longitudinal drain (0 .021 m3/day/m) .

With W/Ho = 44/20 = 2 .2 and (L i + 0.5W)/Ho = (19 + 0 .5 x 44)/20 = 2 .05, fro m
Figure 8 .14, k(H — Ho )l(2g2 ) = 0.74, or q2 = 0 .34 x (25 — 20)/(2 x 0.74) = 1 .15 ft3 /day/ft o f
drainage layer (0.107 m3/day/m) . From Eq . 8.23, qL = 2(0.22 + 1 .15) = 2 .74 ft3/day/ft (0 .25 m3/
day/m) . From Eq . 8 .24, qg = (0 .22 + 2 x 1 .15)/44 = 0.057 ft 3 /day/ft2 (0 .017 m3/day/m2 ) . Com-
pared to a q i of 0 .46 ft3 /day/ft2 (0 .14 m3/day/m 2 ), the contribution by qg is very small .

Meltwater from Ice Lenses From the theory of consolidation, Moulton (1980)
developed a simple chart for estimating the inflow of meltwater from ice lenses, as
shown in Figure 8 .15 . The rate of seepage from the consolidating soil is at maximu m
immediately following thawing and decreases rapidly as the time increases . The
maximum rate of drainage exists for only a short period of time, so the design inflo w
rate qm is taken as the average during the first day after thawing . The inflow qm

depends on the average rate of heave and the permeability k of subgrade soil as wel l
as the consolidation pressure 6p on the subgrade . The average rate of heave can b e
determined from laboratory tests or estimated by using Table 8 .5 . The value of Qp

can be determined simply by calculating the weight per unit area of pavement struc -
ture above the subgrade . In using the chart, the unit of qm is ft3 /day/ft 2 and that of
k is ft/day.

(8 .22)

(8 .24)
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qm/~ = 0 .74, or qn, = 0.74 x \/0 .34 = 0 .43 ft3/day/ft2 (0 .13 m3/day/m2 ) . It can be seen tha t
the value of q,,, is as large as q; in Example 8 .5 . In areas of seasonal frost, the meltwater from ic e
lenses constitutes an important part of the total inflow .

Design Inflow The design inflow is the sum of the inflows from all sources minus th e
outflow through the subgrade soil . The outflow through subgrade depends on the per-
meability of the soil and on the water table at the boundary and can be determined by
the use of flownets or other simplified design charts, as presented by Moulton (1980) .
When the subgrade is not affected by any water table, a simple and conservativ e
method to estimate the outflow capacity is to assume the hydraulic gradient to be 1, as
illustrated in Example 8 .1, so the outflow rate is equal to the permeability of the soil . In
Example 8 .6, the soil has a permeability of 0 .34 ft/day (1 .2 X 10-4 cm/s), so the outflow

TABLE 8 .5 Guidelines for Selecting Heave Rate for Use with Figure 8.1 5

Unified classification
Percent passing

0 .02 mm
Heave rat e
(mm/day)

Frost susceptibility
classificationSoil type Symbol

Gravel and GP 0 .4 3 .0 Medium
sandy gravel GW 0.7–1 .0 0 .3–1 .0 Negligible to low

1 .0–1 .5 1 .0–3 .5 Low to medium
1 .5–4 .0 3 .5–2 .0 Medium

Silty and GP-GM 2 .0–3 .0 1 .0–3 .0 Low to medium
sandy gravel GW-GM 3 .0–7 .0 3 .0–4 .5 Medium to high

GM 7 .0–10 .0 4 .5–3 .0 High to medium

Clayey and GW-GC 4 .2 2 .5 Mediu m
Silty gravel GM-GC 15 .0 5 .0 High

GC 15 .0–30 .0 2 .5–5 .0 Medium to high

Sand and SP 1 .0–2 .0 0 .8 Very low
gravelly sand SW 2 .0 3 .0 Mediu m

Silty and SP-SM 1 .5–2 .0 0 .2–1 .5 Negligible to low
gravelly sand SW-SM 2 .0–5 .0 1 .5–6 .0 Low to high

SM 5 .0–9 .0 6 .0–9 .0 High to very high
SM 9 .0–22 .0 9 .0–5 .5 Very high to high

Clayey and SM-SC 9 .5–35 .0 5 .0–7 .0 High
silty sand SC 9 .5–35 .0 5 .0–7 .0 High

Silt and ML-OL 23 .0–33 .0 1 .1–14 .0 Low to very high
organic silt ML 33 .0–45 .0 14 .0–25 .0 Very hig h

ML 45 .0–65 .0 25 .0 Very hig h

Clayey silt ML-CL 60 .0–75 .0 13 .0 Very hig h

Gravelly and CL 38 .0–65 .0 7 .0–10 .0 High to very high
sandy clay

Lean clay CL 65 .0 5 .0 High
CL-OL 30 .0–70 .0 4.0 High

Fat clay CH 60 .0 0 .8 Very low
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rate will be 0 .34 ft3 /day/ft 2 (0.10 m3/day/m 2 ), which is quite large compared to the sur-
face infiltration of 0 .46 ft3/day/ft 2 (0 .14 m2 /day/m2 ) .

If the outflow through the subgrade is neglected, the design inflow can be deter -
mined by one of the following combinations :

1. If there in no frost action, the design inflow qd is the sum of surface infiltration qi
and groundwater flow qg :

q d = qi + qg

	

(8 .25 )

If there is no groundwater flow, then qg = 0, so q d = qi .

2. If there is frost action, qd is the sum of surface infiltration q i and inflow from melt-
water qm :

qd

	

qi +

	

(8 .26)

If qd obtained from Eq. 8 .25 is greater than that from Eq. 8 .26, then Eq . 8 .25 should
be used .

Example 8 .9 :

Given the results of the three previous examples, determine the design inflow qd to the drainag e
layer and qL to the longitudinal drain .

Solution: The inflows to the drainage layer are qi = 0 .46 ft3/day/ft2 (0.14 m3/day/m2 ) ,
q g = 0 .057 ft3/day/ft2 (0 .017 m3 /day/m2 ), and qn, = 0 .43 ft 3 /day/ft2 (0 .13 m3 /day/m2 ), and the in -
flow to the longitudinal drain q, is 0.22 ft3/day/ft (0.021 m 3 /day/m) . If there is no frost action ,
from Eq . 8 .25, q d = 0 .46 + 0 .057 = 0 .517 ft3/day/ft2 (0 .158 m 3 /day/m2 ) and qL = 0 .517 X 44 +
0.22 = 23 .0 ft3 /day/ft (2 .14 m 3 /day/m) . If there is frost action, from Eq . 8.26, qd = 0 .46 +
0 .43 = 0 .89 ft 3 /day/ft2 (0 .27 m3 /day/m2 ) and qL = 0 .89 X 44 = 39 .2 ft3 /day/ft (3 .64 m3 /day/m) .

8.3.2 Determination of Drainage Capacit y

The capacity of both the drainage layer and the collector pipe must be designed so tha t
the outflow rate is greater than the inflow rate and the water can be carried out safel y
from the sources to the outlet sites .

Drainage Layer There are two design requirements for a drainage layer . First, the
steady-state capacity must be greater than the inflow rate . Second, the unsteady-state ca-
pacity must be such that the water can be drained quickly after each precipitation event .

Steady-State Flow Figure 8.16 shows the dimensions of the drainage layer . The
steady-state capacity of the drainage layer can be computed (Baber and Sawyer, 1952) a s

q=kHl S+ZL I

	

(8 .27 )

in which q is the discharge capacity of the drainage layer, k is the permeability of the
drainage layer, S is the slope of the drainage layer, H is the thickness of the drainage
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FIGURE 8 .1 6
Dimension of drainage layer .

layer, and L is the length of the drainage layer . Equation 8.27 indicates that the dis-
charge is composed of two terms . The first term is the discharge through area H cause d

by the hydraulic gradient S ; the second term is that through area H/2 caused by the hy -
draulic gradient H/L . When S = 0, q = 0 .5k H2/L, which is a direct application o f

Darcy's law, assuming that the phreatic surface is at the top of the drainage layer on

one end and at the bottom of the layer on the other end, with an average flow area of
H12 . The drainage capacity q must be greater than qd L . If the subgrade is permeable
with significant outflow, then the capacity of the drainage layer must be greater than

the design inflow minus the subgrade outflow .

Unsteady-State Flow The unsteady-state flow capacity is defined by the degre e
of drainage, which is a ratio between the volume of water drained since the rain stop s
and the total storage capacity of the drainage layer . Casagrande and Shannon (1952 )

showed that the time for a 50% degree of drainage can be computed as

n e L a

t50 2k(H + SL)

	

(8 .28 )

in which t50 is the time for 50% drainage and n e is the effective porosity, which is th e
porosity occupied by drainable water . For open-graded materials, all water is drain -
able, so the effective porosity is the same as the total porosity . Equation 8.28 was ap -
plied by Casagrande and Shannon to the design of the base course . They recommende d

that the time for 50% drainage of a saturated base not be greater than 10 days . This cri -
terion is certainly inadequate for modern highways under heavy traffic . For example ,

the AASHTO (1986) design guide divides the quality of drainage into five categories :

excellent, good, fair, poor, and very poor. If 50% of the water is removed within 10
days, several months will be required to remove most of the water, and the drainage i s
classified as very poor . For excellent drainage, AASHTO requires that water be re -
moved within 2 h. For the design of drainage layer, the requirement that the time fo r
complete or 95% drainage be less than 1 h, as used by Ridgeway (1982) to compare
several different criteria, appears to be more appropriate .

In discussing the paper by Casagrande and Shannon (1952), Barber presented a
simple chart to determine the time required for any degree of drainage, as shown i n

Figure 8.17 . The degree of drainage U depends on a time factor Tf and a slope factor Sf,

respectively defined as

kHt
Tf _ n

L
2

e

L

(8 .29)
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Relationship between time and slope factors for 95% drainage .
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in which t is the time since the rain stopped and drainage began . Given Figure 8 .17, the
relationship between the time factor for 95% drainage and the slope factor can be plot-
ted in Figure 8 .18 and used directly for design purposes .

Example 8 .10 :

For a drainage layer with S = 0 .02, H = 0.5 ft (152 mm), L = 22 ft (6 .7 m), a permeability k o f
6000 ft/day (2 .1 cm/s), and a porosity ne of 20%, determine the steady-state capacity of the
drainage layer and the time for 50% and 95% drainage, respectively.

Solution: The steady-state capacity can be determined from Eq . 8 .27; q = 6000 x 0 .5 X

(0 .02 + 0 .5/44) = 94.1 ft3/day/ft of drainage layer (8 .7 m3 /day/m), which is 2 .4 times greater
than the maximum inflow of 39 .2 ft3 /day/ft (3 .64 m3/day/m) obtained in Example 8 .8 .

The time for 50% drainage can be obtained either directly from Eq . 8 .28 or from Figure 8.17 .
From Eq. 8 .28, t50 = 0 .2 X (22) 2 /[2 x 6000 x (0 .5 + 0 .02 X 22)] = 0 .0086 day, or 0.21 h . If
Figure 8 .17 is used, it can be found that the time factor Tf corresponding to U = 0 .5 and
Sf = 22 X 0 .02/0.5 = 0 .88 is 0 .265 . From Eq. 8.29, t50 = 0 .265 x 0.2 X (22) 2 /(6000 x 0 .5) =
0.0086 day, or 0.21 h, which is exactly the same as the result obtained from Eq . 8 .28 .

and

10

1

0 .1

0

Outlet

(8 .30 )
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The time for 95% drainage can be obtained from Figure 8 .18 . With S f = 0 .88, fro m
Figure 8 .18, Tf = 1 .8, or t95 = 1 .8 x 0 .2 x (22 ) 2/(6000 X 0 .5) = 0 .058 day, or 1 .39 h . If the de -
sign is based on a maximum t95 of 1 h, the permeability of 6000 ft/day (2 .1 cm/s) is not sufficient
and should be increased to 1 .39 x 6000, or 8340 ft/day (2.9 curls) . If open-graded aggregates ar e
used as drainage layers, the permeability will be much greater than the above value and there i s
no difficulty in satisfying the criterion that the time required for 95% drainage be less than 1 h .

The above example clearly illustrates that, if open-graded aggregates are used a s
drainage layers, the following two design criteria can be easily satisfied :

1. The lateral outflow rate, as computed by Eq. 8 .27, must be greater than the inflo w
rate .

2. The time for 95% drainage, obtained from Figure 8 .18, must be smaller than 1 h .

Collector Pipes A system of longitudinal collectors with some transverse collector s
at critical points is generally used to remove the free water from the drainage laye r
(and from groundwater, if any) . Transverse collectors may be used when the combina-
tion of transverse and longitudinal grades is such that flow tends to take place more in
the longitudinal direction than in the transverse direction. The collection system con-
sists of a set of perforated, slotted, or open-jointed pipes that are used to remove wate r
from the pavement structure and to convey it to suitable outlets outside the roadwa y
limits. The design of such systems should consider the type of pipe used, the locatio n
and depth of transverse and longitudinal collectors and their outlets, the slope and siz e
of the collector pipes, and the provision of adequate filter protection for the pipes .

The longitudinal roadway grades or the cross slopes usually govern the slopes of
the collector pipes. The pipes are simply set at a constant depth below the roadway sur -
face . However, practical construction and operational factors dictate that slopes of col -
lector pipes not be less than 1% for smooth bore pipes and 2% for corrugated pipes .
Thus, in areas where the longitudinal grades or cross slopes are very flat, it may be nec-
essary to steepen the grades of collector pipes to meet these minimum requirements .
The size and flow capacity of the collector depend in part on the pipe gradient, so i t
might be necessary to steepen the pipe gradient to achieve a reduction in pipe size .
Minimum recommended diameters are 3 in . (76 mm) for PVC pipes and 4 in . (102 mm)
for all other pipes (Cedergren et al., 1972) .

Figure 8 .19 shows the location and depth of longitudinal collectors . If there is n o
significant frost penetration and no groundwater, the longitudinal collector pipes ma y
be placed in shallow trenches, as shown in (a) . If there is significant frost penetration o r
it is desirable to draw down the groundwater table, deeper trenches should be used, a s
shown in (b) . In either case, the longitudinal collector drain can be placed just outsid e
the pavement edge, which is the most critical location for pumping . It can also be
placed at the outer edge of the shoulder to provide drainage for the entire shoulde r
area. However, this will significantly increase the length of flow, or decrease the hy-
draulic gradient, in the drainage layer and so could cause an increase in the thicknes s
required .

When deeper trenches are used, the trench backfill must have enough permeabilit y
that the water from the drainage layer can be freely transmitted to the collector pipe .
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TABLE 8 .6 Typical Roughness Coefficients for Underdrai n

Clay drain tile 0 .014–0.01 8
Concrete drain tile 0 .011—0 .01 5
Asbestos cement perforated drain tile 0 .01 3
Bituminous fiber tile 0.01 2
Corrugated metal pipe 0 .017–0 .024
Corrugated polyethylene tubing 0 .020
Smooth plastic pipe 0 .008-0 .012

The required permeability k can be determined directly from Darcy's law by assumin g
a hydraulic gradient of unity, or

Discharge per unit length of trench
k =

	

Width of trench

	

(8 .31 )

Equation 8 .31 can be used to determine the width of the trench if the permeability of
the aggregate in the trench is given .

The discharge capacity of collector pipes can be calculated by Manning's formu-
la for channel flow as

Q = 86,400(148
6

n A
8213

	

Su')

	

(8 .32 )

in which Q is the discharge in ft3 /day, n is the roughness coefficient, A is the area of
pipe in ft2 , R is the hydraulic radius of pipe in ft, S is the slope of pipe in ft/ft . Table 8 . 6
shows typical roughness coefficients for underdrains .

The hydraulic radius is a ratio between flow area and wetted perimeter . When the
flow in the pipe is full, A = 7rD 2 /4 and the wetted perimeter = 7rD, so R = D/4 ,
where D is the pipe diameter . Substituting the above A and R into Eq . 8 .32 and noting
that Q = q Lo , where L o is the distance between two outlet points, yield s

	

ng LLo = 53 S o .5 D2.667

	

(8 .33 )

in which n is the roughness coefficient, qL is the lateral flow in ft 3/day/ft, L o is the dis-
tance between outlets in ft, S is the slope in ft/ft, and D is the diameter of the pipe in
inches. Equation 8 .33 shows the relationships among n, qL , L o , S, and D . Given an y
four of the above values, the other one can be computed . To determine the diameter o f
the pipe, Eq. 8 .33 can be written as

D =
(

ngLLo )0 .375

53S° .5

Example 8 .11 :

Corrugated metal pipe with a roughness coefficient of 0 .024 is placed at 2% slope in a trench
drain . Outlets are provided at every 500 ft (152 m), and the lateral flow is 39 .2 ft3/day/ft
(3 .64 m 3 /day/m), as obtained in Example 8 .8 . Determine the diameter of the pipes required .

(8 .34 )
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Solution: Given n = 0 .024, qL = 39.2 ft3 /day/ft (3 .64 m3/day/m), L o = 500 ft (152 m), and

S = 0 .02, from Eq . 8.34, D = [0 .024 x 39 .2 x 500/(53 x x0 .02)]0375 = 4 .72 in. (120 mm) . Use

5-in . (127-mm) pipes.

SUMMARY

Drainage is one of the most important factors in pavement design . Although highwa y
engineers have long paid much attention to surface and groundwater drainage, very lit-
tle has been done to provide drainage for surface infiltrations through joints an d
cracks, and, possibly, for the meltwater from ice lenses . The use of drainage layers and
longitudinal drains to take care of surface infiltration and meltwater from ice lenses i s
the main theme of this chapter .

Important Points Discussed in Chapter 8

1. Water entrapped in the pavement structure not only weakens pavements and
subgrades, but also generates high hydrodynamic pressures which pump out th e
fine materials under the pavement and result in loss of support .

2. The movement of water in pavements is governed by Darcy's law . In most
instances, Darcy's law can be applied directly to the design of drainage systems .

3. The detrimental effects of water can be minimized by preventing it from enterin g
the pavement, by providing drainage to remove it quickly, or by building the pave -
ment strong enough to resist the combined effect of load and water . Of the above
three methods, the first is difficult to achieve and the last is expensive, so the pro -
vision of drainage is the most practical and economical approach . All important
highways should be provided with a drainage layer under the pavement .

4. The aggregates used for drainage purposes must satisfy the filter requirements .
They must be fine enough to prevent the adjacent soil from piping or migrating
into them but also coarse enough to carry water through them with no significan t
resistance . To meet the filter criteria, it could be necessary to use several differen t
aggregates, one placed adjacent to the other . This procedure is difficult to con-
struct without contamination and can be replaced by the use of geotextiles .

5. Geotextiles for subsurface drainage may be used as an envelope for trenc h
drains, a wrapping for pipe drains, or a filter for drainage layers. A geotextile ca n
easily be selected to satisfy the filter criteria without using one or more
aggregates .

6. The most effective location for the drainage layer is directly under the HMA o r
PCC, but drainage layers may also be placed on the top of subgrade . To increase
shear strength and facilitate compaction, the open-graded drainage material ma y
be treated with a small amount of asphalt . The drainage layer is usually connect-
ed to longitudinal drains with collector pipes, although a daylighted construction
extending over the entire roadway to the side slope may also be used .

7. The design inflow q d for drainage layers should be based on either surface infil-
tration plus groundwater inflow, q; + qg , or on surface infiltration plus inflo w
from melting ice lenses, q; + qm , whichever is greater .
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8. The lateral outflow from the drainage layer must satisfy two requirements. First,
the steady-state outflow per unit width, as indicated by Eq . 8 .27, should be
greater than q d L, where L is the length of drainage layer . Second, the unsteady -
state flow after the cessation of rain should remove 95% of the initially saturate d
water within a very short time, say, 1 h .

9. Manning's formula, as indicated by Eq. 8 .32, can be used to determine the dis-
charge capacity of collector pipes. The diameter of the pipe required can be com-
puted directly by Eq. 8 .34, given lateral inflow qL , distance between outlets Lo,

roughness coefficient n, and slope of the pipe S .

PROBLEM S
8 .1 Water is sprayed uniformly over a 400-ft2 soil surface . If the soil has a permeability of 0 .00 1

ft/min, what is the maximum spray rate in gal/min so that all water will be absorbed by th e
soil and there is no overland flow? [Answer : 2 .99 gpm]

8 .2 Determine D1 5 and D8 of sample 6 in Table 8 .3 . [Answer : 3 .1 mm, 15 mm ]
8.3 Figure P8 .3 shows the grain-size curves for three different soils . Can soil A be used as a fil-

ter for soil C? If soil B is placed between soils A and C, can all the filter criteria be satis -
fied? [Answer : A and C no ; A, B, and C yes]

0.00 1

100

80
bA

60

40
a

20

0
0.0001

FIGURE P8 .3

0 .01

	

0. 1

Grain Size (mm)
1 1 0

AI A
Ad A A

mmirwilmonomm.mlerimmum1mr"

8.4 Can geotextiles be used as a filter for soil C in Figure P8 .3? Why? If geotextiles are used
for soils A and B, what AOS do you recommend? [Answer: no for C, greater than No. 6 0
for B, greater than No . 8 for A]

8 .5 Estimate the permeability in ft/day of soil B in Figure P8 .3 by Eq . 8 .3 . If the dry unit
weight is 110 pcf, estimate its permeability in ft/day by Eq. 8 .5a . [Answer: 0 .037 to 0.05 9
ft/day by Eq . 8 .3, 0.019 ft/day by Eq . 8 .5a ]

8 .6 Figure P8 .6 show a two-lane highway paved with HMA on the traffic lanes and the shoul-
ders. Estimate the amount of surface infiltration in ft3 /h/ft 2 by Eq . 8 .18 . Assume that the
pavement is located in Kentucky and estimate surface infiltration by Cedergren's method .
[Answer : 0 .016 ft3 /h/ft2 by Eq . 8 .18, 0 .033 to 0 .05 ft 3 h/ft2 by Cedergren]
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8 .7 If the native soil above the impervious boundary, as shown in Figure P8 .6, has a perme-
ability of 0 .5 ft/day, determine the groundwater inflow qg into the drainage layer i n
ft3/day/ft 2 and the lateral inflow qL into the longitudinal drains in ft 3 /day/ft. [Answer :
0 .084 ft3/day/ft2 , 2 .2 ft3 /day/ft]

8.8 The highway in Figure P8 .6 is located in a cold region with severe frost action and the sub -
grade consists of a well-graded clayey gravel, GW-GC, with 4% finer than 0 .02 mm .
Determine the inflow qn, to the drainage layer due to the melting of ice lenses . It i s
assumed that the HMA is 4 in . thick with a unit weight of 145 pcf, that the drainage layer ,
including the filter, is 10 in. thick and has an average unit weight of 120 pcf, and that th e
subgrade has a permeability of 0.05 ft/day. [Answer : 0.067 ft3 /day/ft2]

8.9 The drainage layer shown in Figure P8 .6 has a thickness H of 8 in., a cross slope S of 4% ,

a porosity n e of 25%, and a permeability k of 10,000 ft/day. Determine the steady-stat e
capacity of the drainage layer and the time for 50 and 95% drainage based on a drainag e

length L of 18 ft . [Answer: 390 ft3 /day/ft, 0 .07 h, 0.44 h]
8.10 Smooth plastic pipe, 4 in . in diameter with a roughness coefficient of 0 .01, is placed at 2 .5 %

slope in a trench drain . If outlets are provided every 300 ft, what is the maximum allowabl e
lateral inflow into the plastic pipe in ft 3 /day/ft? [Answer: 112 .7 ft3 /day/ft]
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DISTRESS

Distress is an important consideration in pavement design. In the mechanistic—empirical
methods, each failure criterion should be developed separately to take care of eac h
specific distress. Unfortunately, many of the distresses are caused by deficiencies i n
construction, materials, and maintenance and are not related directly to design . How -
ever, a knowledge of the various types of distress is important to pavement designer s
because it can help them to identify the causes of the distress . If distress is due to
improper design, improvements in the design method can be made. Furthermore, th e
evaluation of pavement distress is an important part of the pavement managemen t
system by which a most effective strategy for maintenance and rehabilitation can b e
developed .

An excellent reference for identifying pavement distress is the Highway Pave-
ment Distress Identification Manual published by the Federal Highway Administratio n
(Smith et al., 1979), in which each distress is described by its general mechanism, level s
of severity (low, medium, and high), and measurement criteria . In this section, only the
most significant types of distress directly related to design are described in detail an d
illustrated by photographs ; other types of distress are discussed only briefly. The
description and photographs presented herein are reproduced from the Highway
Pavement Distress Identification Manual .

To provide a consistent, uniform basis for collecting distress data for the long -
term pavement performance program, a distress identification manual was publishe d
by the Strategic Highway Research program (Smith et al., 1987), was revised in 1990,
and again revised in 1993 (SHRP, 1993) . This 1993 manual is hereafter referred to a s
the SHRP manual . In addition to photographs and drawings to illustrate the variou s
distress types, the SHRP manual also describes methods for measuring the size of
distresses and for assigning severity levels . If the distresses described in the pages that
follow are not included in or are in conflict with the SHRP manual, they will be note d
in parenthesis.
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9 .1 .1 Asphalt Pavement s

Because many distresses in composite pavements or in asphalt overlays on concret e
pavements are similar to those in asphalt pavements, both types of pavement are dis-
cussed in this section . A typical pattern of deterioration in asphalt pavements is rutting,
which develops somewhat rapidly during the first few years and then levels off to a
much slower rate . Fatigue or alligator cracking does not normally occur until after nu-
merous loadings and then increases rapidly as the pavement weakens . In climates with
either large variations in temperature or very cold temperatures, asphalt pavement s
develop transverse and longitudinal cracks from temperature stresses . These crack s
usually break down and spall under traffic .

The most common problem with composite pavements is reflection cracking fro m
joints and cracks in the underlying concrete slab . Infiltration of water into the cracks ,
along with freezing, thawing, and repeated loadings, usually results in break up an d

spalling of the asphalt surface . Typical load-associated fatigue cracking is not common

on composite pavements. If fatigue cracking does occur, it usually initiates at the bottom

of the concrete slab and can eventually deteriorate and spoil the asphalt overlay .

Alligator or Fatigue Cracking Alligator or fatigue cracking is a series of intercon-
necting cracks caused by the fatigue failure of an asphalt surface or a stabilized base
under repeated traffic loading . The cracking initiates at the bottom of the asphalt sur-
face or stabilized base, where the tensile stress or strain is highest under a wheel load .
The cracks propagate to the surface initially as one or more longitudinal parallel cracks .
After repeated traffic loading, the cracks connect and form many-sided, sharp-angled
pieces that develop a pattern resembling chicken wire or the skin of an alligator, a s
shown in Figure 9 .1 . The pieces are usually less than 1 ft on the longest side . Alligator

FIGURE 9 . 1

Alligator cracking in wheel paths.
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cracking occurs only in areas that are subjected to repeated traffic loadings. It would
not occur over an entire area unless the entire area was subjected to traffic loading .
Alligator cracking does not occur in asphalt overlays over concrete slabs. Pattern-type
cracking . which occurs over an entire area that is not subjected to loading, is classifie d
as block cracking, which is not a load-associated distress . Alligator cracking is consid -
ered a major structural distress . Alligator cracking is measured in square feet or squar e
meters of surface area .

Block Cracking Block cracks divide the asphalt surface into approximately rectangu-
lar pieces, as shown in Figure 9 .2 . The blocks range in size from approximately 1 t o
100 ft2 (0 .1 to 9 .3 m`) . Cracking into larger blocks is generally categorized as longitudi -
nal or transverse cracking. Block cracking is caused mainly by the shrinkage of hot mi x
asphalt and daily temperature cycling, which result in cyclic stress and strain . It is no t
load associated, although loads can increase the severity of the cracks. The occurrence
of block cracking usually indicates that the asphalt has hardened significantly. Block
cracking normally occurs over a large portion of pavement area, but sometimes will
occur only in nontraffic areas. Block cracking is measured in square feet or squar e
meters of surface area .

Joint Reflection Cracking from Concrete Slab This distress occurs only on pave-
ments that have an asphalt surface over a jointed concrete slab . Cracks occur both
at transverse joints and at the longitudinal joints where the old concrete pavemen t
has been widened before overlay. This distress does not include the reflection crack-
ing away from a joint or from any other types of stabilized bases, which is identifie d
as longitudinal or transverse cracking . Joint reflection cracking is shown in Figure 9 .3 .

FIGURE 9 .2

Block cracking.
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FIGURE 9 . 3

Joint reflection cracking from longitudinal widening joint .

Joint reflection cracking is caused mainly by the movement of concrete slab beneat h
the asphalt surface due to thermal or moisture changes and is generally not load ini-
tiated. However, traffic loading can cause a breakdown of the hot mix asphalt near
the initial crack, resulting in spalling . A knowledge of slab dimensions beneath th e
asphalt surface will help to identify these cracks. Joint reflection cracking is mea-
sured in linear feet or linear meters . (In the SHRP manual, the transverse reflection
cracking is recorded as the number and length in m (ft) together with the lengt h
in m (ft) with sealant in good condition; the longitudinal reflection cracking i s
recorded as the length in m (ft) together with the length in m (ft) with sealant i n
good condition . )

Lane/Shoulder Dropoff or Heave This distress occurs where there is a difference i n
elevation between traffic lane and shoulder, as seen in Figure 9 .4 . Typically . the outsid e
shoulder settles in response to consolidation, settlement, or pumping of the underlyin g
granular or subgrade material . Heave of the shoulder may be caused by frost action or
swelling soils. Dropoff of granular or soil shoulder is generally caused by blowing away
of shoulder material by passing trucks. Lane/shoulder dropoff or heave is measure d
every 100 ft (30 m) in inches (or mm) along the pavement edge . The mean difference i n
elevation is computed and is used to determine the severity level . (In the SHRP manual ,
this distress is recorded as mm (in .) to the nearest mm (0.04 in.) at intervals of 15 m (50 ft )
along the lane-to-shoulder joint . )

Longitudinal and Transverse Cracking Longitudinal cracks are parallel to th e
pavement centerline, and transverse cracks extend across the centerline, as shown in
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FIGURE 9 . 4
Lane/shoulder dropoff .

FIGURE 9 . 5
Transverse cracking .

Figure 9 .5 . They can be caused by a shrinkage of asphalt surface due to low temper -
atures or to asphalt hardening or can result from reflective cracks caused by crack s
beneath the asphalt surface, including cracks in concrete slabs but not at the joints .
Longitudinal cracks can also be caused by poorly constructed paving of a lane joint .
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These types of cracks are not usually load associated . Longitudinal and transvers e
cracks are measured in linear feet or linear meters . (In the SHRP manual, longitudi-
nal and transverse cracking are treated as two separate categories, and a new cate-
gory, edge cracking, is added . The longitudinal cracking is further divided into whee l
path longitudinal cracking and non-wheel path longitudinal cracking . The length in
m (ft) of longitudinal cracking and the length in m (ft) with sealant in good condi-
tion within the defined wheel paths are recorded, along with those not located in th e
defined wheel paths. The number and length in m (ft) of transverse cracking and th e
length in m (ft) with sealant in good condition are also recorded . Edge crackin g
applies only to pavements with unpaved shoulders. It consists of crescent-shape d
cracks or fairly continuous cracks which intersect the pavement edge and are locate d
within 0 .6 m (2 ft) of the pavement edge, adjacent to the shoulder . It also include s
longitudinal cracks outside of the wheel path and within 0 .6 m (2 ft) of the pave-
ment edge . Edge cracking is recorded as the length in m (ft) of pavement edge
affected . )

Pumping and Water Bleeding Pumping is the ejection of water and fine material s
under pressure through cracks under moving loads, as shown in Figure 9 .6 . As the
water is ejected, it carries fine materials, thus resulting in progressive material deterio -
ration and loss of support . Surface staining or accumulation of material on the surfac e
close to cracks is evidence of pumping. Water bleeding occurs where water seeps slowly
out of cracks on the pavement surface. Pumping and water bleeding are measured by
counting the number of cracks that exist . (In the SHRP manual, the number of occur-
rences of water bleeding and of pumping and the length in m (ft) of affected pavemen t
are recorded . )

FIGURE 9 . 6

Pumping of stabilized base under asphalt pavement .
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FIGURE 9 . 7

Rutting at the wheel path .

Rutting A rut is a surface depression in the wheel paths : see Figure 9 .7 . Pavement up -
lift might occur along the sides of the rut . However, in many instances, ruts are notice -
able only after a rainfall, when the wheel paths are filled with water . Rutting stem s
from a permanent deformation in any of the pavement layers or in the subgrade, on e
usually caused by a consolidation or lateral movement of the materials due to traffi c
loads. Rutting can be caused by plastic movement of the asphalt mix either in hot
weather or from inadequate compaction during construction . Significant rutting ca n
lead to major structural failures and a potential for hydroplaning. Rutting is measure d
in square feet or square meters of surface area, for a given severity level based on ru t
depth. (In the SHRP manual, transverse profile is measured with a Dipstick profiler a t
15 m (50 ft) intervals when it has not been measured in conjunction with photographi c
distress surveys. )

Swell Swell is characterized by an upward bulge on the pavement surface. A swell can
occur sharply over a small area or as a long, gradual wave . Either type of swell can b e
accompanied by surface cracking . A swell is usually caused by frost action in the sub-
grade or by swelling soils, but a swell can also occur on the surface of an asphalt overlay on
concrete pavement as a result of blowup in the concrete slab . as shown in Figure 9 .8 . Swel l
can often be identified by oil droppings due to the bumpy surface . Swells are measure d
in square feet or square meters of surface area . (This distress is not included in th e
SHRP manual . )

Other Types of Distress The following types of distress can be caused by deficiencie s
in construction, materials, or maintenance :
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FIGURE 9 . 8

Swell at a patch due to buckling of concrete slab.

1. Bleeding. Bleeding is a film of bituminous material on the pavement surface ,
which creates a shiny, glass-like, reflecting surface that usually becomes sticky . I t
is caused by high asphalt content or low air void content . The bleeding process
does not reverse during cold months, so asphalt will accumulate on the surfac e
and lower the skid resistance .

2. Corrugation. Corrugation is a form of plastic movement typified by ripples acros s
the asphalt surface . It usually occurs at bus stops and where vehicles accelerate o r
decelerate and is the result of shear action in the pavement surface or betwee n
the pavement surface and the base material . (This distress is not included in th e
SHRP manual . )

3. Depression. Depressions are localized pavement surface areas having eleva-
tions slightly lower than those of the surrounding pavement . They can be
caused by settling of the foundation soil or can be "built in" during construc-
tion. Depressions cause roughness and, when filled with water of sufficien t
depth, could cause hydroplaning of vehicles . (This distress is not included in
the SHRP manual . )

4. Lane/shoulder joint separation . The widening of the joint between the traffic lan e
and the shoulder is not considered a distress if the joint is well sealed and wate r
cannot enter through it . (This distress is not included in the SHRP manual . )

5. Patch deterioration. Deteriorations occur in a patch, which is an area where th e
original pavement has been removed and replaced with either similar or different
material . Traffic load, material, and poor construction practices can all caus e
patch deterioration .
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6. Polished aggregate. A portion of the aggregates extending above the asphalt sur-
face is either very small or without rough or angular particles to provide goo d
skid resistance . This type of distress occurs mainly in the wheel path and is due to
repeated traffic loads. (This distress is not included in the SHRP manual . )

7. Potholes. Potholes are bowl-shaped holes of various sizes on the pavement sur-
face . They are caused by a broken pavement surface due to alligator cracking, lo -
calized disintegration, or freeze–thaw cycles .

8. Raveling and weathering. Raveling and weathering are the wearing away of the
pavement surface caused by the dislodging of aggregate particles due to strippin g
and by the loss of asphalt binder due to hardening .

9. Slippage cracking . Slippage cracks are crescent- or half-moon-shaped, with both
ends pointed into the direction of traffic . They are caused by the low strength o f
HMA or by a weaker bond between the surface course and the layer below . Par t
of the asphalt surface is moved laterally away from the rest of the surface by in-
duced lateral and shear stresses caused by traffic loads .

Table 9 .1 lists all possible types of distress or failure in asphalt pavements and
indicates whether they are structural or functional failures and load-associated or non-
load-associated distresses. Structural failure is associated with the ability of the pave-
ment to carry the design load, whereas functional failure is associated with ride qualit y
and safety. When structural failure increases in severity, it always results in functiona l
failure as well. The non-load-associated distress is caused by climates, materials, or con-
struction . A non-load-associated distress might he increased in severity by traffic loads .

9 .1 .2 Concrete Pavement s

Concrete pavements include jointed plain concrete pavements (JPCP), jointed rein -
forced concrete pavements (JRCP), and continuous reinforced concrete pavement s
(CRCP) . Common types of distress in these pavements are pumping, faulting, an d
cracking . Joint deterioration is a major problem in JRCP due to longer joint spacing ;
edge punchout is a major problem in CRCP due to the closely spaced cracks .

Blowup Blowups occur in hot weather at a transverse joint or crack that does no t
permit the expansion of concrete slabs . Insufficient width of a joint for expansion i s
usually caused by the infiltration of incompressible materials into the joint space .
When the compressive expansive pressure cannot be relieved, either localized upwar d
movement of the slab edges or shattering occurs in the vicinity of the joint : see Figure 9 .9 .
Blowup can also occur at utility cut patches and at drainage inlets . Blowup is accelerate d
by a spalling away of the slab at the bottom that causes the reduction of contact areas
between the two slabs . The presence of "D" cracking also weakens the concrete nea r
the joint, thus resulting in increased spalling and blowup potential . Blowups are mea-
sured by counting the number that exist .

Corner Break A corner break is a crack that intersects the joint at a distance less than 6 f t
(1 .8 m) on either side measured from the corner of the slab, as shown in Figure 9 .10 .
A corner break differs from a corner spall in that its crack extends vertically through
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TABLE 9 .1 Distresses in Asphalt Pavement s

Types of Distress Structural Functional Load associated Non-load associate d

Alligator or fatigue cracking x x

Bleeding x x

Block cracking x x

Corrugation x x
Depression x x
Joint reflection cracking x X

Lane/shoulder dropoff or heave x x
Lane/shoulder separation x x
Longitudinal and transverse cracking x x

Patch deterioration x x x
Polished aggregate x x '
Potholes x x x

Pumping and water bleeding x x x x
Raveling and weathering x x

Rutting x x

Slippage cracking x x
Swell x x x

Tire abrasion.

FIGURE 9 . 9

Blowup.
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FIGURE 9 .1 0
Corner break .

the entire slab thickness ; that of a corner spall intersects the joint at an angle . Load rep -
etitions combined with the loss of support, poor load transfer across the joint, and ther -
mal curling and moisture warping stresses usually cause corner breaks . Corner breaks
are measured by counting the number that exist .

Faulting of Transverse Joints and Cracks Faulting is a difference of elevation across a
joint or crack; see Figure 9 .11 . Faulting is caused in part by a buildup of loose material s
under the trailing slab near the joint or crack or by a depression of the leading slab. The
buildup of eroded or infiltrated materials is caused by pumping due to heavy loadings .
The upward warp and curl of the slab near the joint or crack due to moisture an d
temperature gradients contribute to the pumping condition . Lack of load transfer con -
tributes greatly to faulting . Faulting is determined by measuring the difference in ele-
vation of slabs 1 ft from the pavement edge . (In the SHRP manual, faulting in mm (in . )
is measured to the nearest mm (0 .04 in .) both at 0 .3 m (1 ft) from the outside pavement
edge and at 0 .75 m (2.5 ft) from the outside lane edge (wheel path) . )

Joint Load Transfer System Associated Deterioration This distress develops as a
transverse crack a short distance from a transverse joint, usually at the end of joint loa d
transfer dowels, as shown in Figure 9 .12 . This usually occurs when the dowel system
fails to function properly, because of extensive corrosion or misalignment . It can als o
be caused by a combination of small-diameter dowels and heavy traffic loadings . The

deterioration is measured by counting the number of deteriorated joints . (This distress
is not included in the SHRP manual .)
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FIGURE 9 .1 1

Joint faulting.

FIGURE 9 .1 2

Joint load transfer system associated deterioration.
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Lane/Shoulder Dropoff or Heave The description of this distress is the same as tha t
for asphalt pavements . Lane/shoulder dropoff is shown in Figure 9 .13 .

Longitudinal Cracks Longitudinal cracks generally occur parallel to the centerline o f
the pavement : see Figure 9 .14 . They are often caused by a combination of heavy loa d
repetition, loss of foundation support, and curling and warping stresses . Improper con -
struction of longitudinal joints can also cause longitudinal cracks. Cracks are measure d
in linear feet or linear meters . (In the SHRP manual, not only the length in m (ft) o f
longitudinal cracking but also the length in m (ft) of longitudinal cracking with sealan t

in good condition are recorded . )

Longitudinal Joint Faulting Longitudinal joint faulting is a difference in elevatio n
at the longitudinal joint between two traffic lanes . as shown in Figure 9 .15 . Where
the longitudinal joint has faulted, the length of the affected area and the maximu m
joint faulting should be recorded . (This distress is not included in the SHRP
manual . )

Pumping and Water Bleeding Pumping is the ejection of material by wate r
through joints or cracks, caused by the deflection of slab under moving loads. As the
water is ejected, it carries particles of gravel, sand, clay, or silt, resulting in a pro-
gressive loss of pavement support . Surface staining or accumulation of base or sub-
grade material on the pavement surface close to joints and cracks is evidence o f

FIGURE 9 .1 3
Lane/shoulder dropoff .
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FIGURE 9 .1 4

Longitudinal crack .

FIGURE 9 .1 5

Longitudinal joint faulting .
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FIGURE 9 .1 6
Pumping of fines at pavement edge and joint .

pumping ; see Figure 9 .16 . Pumping can occur without such evidence, particularly
when stabilized bases are used . The observation of water being ejected by heavy
traffic loads after a rainstorm can also be used to identify pumping . Water bleeding
occurs when water seeps out of joints or cracks . Pumping and water bleeding ar e
measured by counting the number of occurences that exist . (In the SHRP manual ,
both the number of occurrences of water bleeding and pumping and the length in
m (ft) of affected pavement are recorded . )

Spalling (Transverse and Longitudinal Joint or Crack) Spalling of cracks and joints i s
the cracking. breaking, or chipping of the slab edges within 2 ft (0 .6 m) of the joint o r
crack . A joint spall, shown in Figure 9 .17, usually does not extend vertically through th e
whole slab thickness, but instead extends to intersect the joint at an angle . Spalling usu -
ally results from excessive stresses at the joint or crack, caused by the infiltration of in -
compressible materials and by subsequent expansion or traffic loading . It can also b e
caused by the disintegration of concrete, by weak concrete at the joint caused by over -
working, or by poorly designed or constructed load transfer devices . Spalling is mea-
sured by counting the number of spalls that exist . (In the SHRP manual, spalling of a
longitudinal joint is recorded as the length in m (ft) of longitudinal joint spalling, an d
spalling of a transverse joint is recorded as the number of affected joints and the lengt h
in m (ft) of the spalled portion of the joint . )

Spalling (Corner) Corner spalling is the raveling or breakdown of the slab within

approximately 2 ft (0 .6 m) of the corner; see Figure 9 .18 . A corner spall differs from a
corner break in that the spall usually angles downward at about 45° to intersect th e

joint, whereas a break extends vertically through the slab . Corner spalling can be

caused by freeze–thaw conditions, by "D" cracking, or by other factors . Corner spalling
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FIGURE 9 .1 7

Joint spall .

FIGURE 9 .1 8

Corner spall .
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is measured by counting the number that exist . (This distress is not included in th e
SHRP manual . )

Swell Swell is characterized by an upward bulge on the pavement surface.A swell can
occur sharply over a small area or as a long, gradual wave . Either type of swell is usual -
ly accompanied by slab cracking . A swell is usually caused by frost action in the sub -
grade, as shown in Figure 9 .19 . or by swelling soils . Swells can often be identified by oi l
droppings due to the bumpy surface . Swells are counted by the number that exist . (This
distress is not included in the SHRP manual . )

Transverse and Diagonal Cracks These cracks are usually caused by a combinatio n
of heavy load repetitions and stresses due to temperature gradient, moisture gradient .
and drying shrinkage . A transverse crack is shown in Figure 9 .20 . Transverse and diag -
onal cracks are measured by counting the number that exist . Hairline cracks that ar e
less than 6 ft (1 .8 m) long are ignored . (In the SHRP manual . there are no diagonal
cracks . A crack should be classified either as longitudinal or as transverse, dependin g
on its orientation . Not only the number and length in m (ft) of transverse cracking bu t
also the length in m (ft) of transverse cracking with sealant in good condition ar e
recorded . )

Edge Punchout An edge punchout, a major structural distress of CRCP, is first char-
acterized by a loss of aggregate interlock at one or two closely spaced . cracks, usually

FIGURE 9 .1 9

Swell due to frost heave .
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FIGURE 9 .2 0

Transverse crack .

less than 2 ft (1 .2 m) apart, at the edge . The crack or cracks begin to fault and spall
slightly, causing the portion of the slab between the closely spaced cracks to act essen -
tially as a cantilever beam . As the applications of heavy truck load continue, a shor t
longitudinal crack forms between the two transverse cracks about 2 to 5 ft (0 .6 to 1 .5 m)
from the pavement edge . Eventually the transverse cracks break down further, the
steel ruptures, and pieces of concrete punch downward under load into the subbas e
and subgrade ; see Figure 9 .21 . There is generally evidence of pumping near the edg e
punchouts, which is sometimes extensive . The distressed area will expand in size t o
adjoining cracks and develop into a very large area if not repaired . Edge punchouts ar e
measured by counting the number that exist .

Localized Distress Localized distress occurs in CRCP where the concrete break s
up into pieces or spalls in a localized area, as shown in Figure 9 .22 . The localized dis -
tress takes many shapes and forms . It usually occurs within an area between inter-
secting, Y-shaped, or closely spaced cracks . Localized distress can occur anywher e
on the slab surface, but is frequently located in the wheelpaths . Inadequate consoli-
dation of concrete is often a primary cause of localized distress . Localized distress i s
measured by counting the number of occurrences . (This distress is not included i n
the SHRP manual . )

Other Types of Distress Other types of distress, caused possibly by the deficiencies in
construction . materials, and maintenance, are as follows :
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FIGURE 9 .2 1

Edge punchout .

FIGURE 9 .2 2

Localized distress .
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1. Depression . As with asphalt pavements, depressions can be caused by the settle-
ment of foundation soil or can be "built in" during construction . The exception is
that depression in concrete pavements is generally associated with significan t
cracking . (This distress is not included in the SHRP manual . )

2. Durability or "D" cracking. "D" cracking is a series of closely spaced, crescent -
shaped, hairline cracks that appear at the concrete surface adjacent to and roughl y
parallel to joints and cracks—and along the slab edge . The fine surface cracks
contain calcium hydroxide residue, which causes a dark coloring of the crack in
the immediate surrounding area. "D" cracking is caused by freeze-thaw expan-
sive pressures of certain types of coarse aggregates .

3. Joint seal damage of transverse joints . Typical evidence of joint seal damage in-
cludes stripping and extrusion of joint sealant, weed growth, hardening of the filler ,
loss of bond to the slab edge, and lack or absence of sealant in the joint. (In the
SHRP manual, a separate category of longitudinal joint seal damage is added .)

4. Lane/shoulder joint separation . The widening of the joint between the traffic lan e
and shoulder is not considered a distress if the joint is well sealed and water can -
not enter through it .

5. Patch deterioration . A concrete patch is an area where a portion of the original
concrete slab has been removed and replaced by concrete or other epoxy materi-
als. Poor construction of the patch, loss of support, heavy load repetitions, lack o f
load transfer devices, improper or absent joints, and moisture or thermal gradi-
ents can all cause the distress.

6. Patch adjacent slab deterioration . This is similar to patch deterioration, excep t
that the deterioration occurs in the original concrete slab adjacent to a perma-
nent patch . (In the SHRP manual, this distress is combined with patch deteriora-
tion in Item 5 and called patch/patch deterioration . )

7. Popouts . A popout is a small piece of concrete that breaks loose from the surface .
It can be caused by expansive, nondurable, or unsound aggregates or by freeze an d
thaw action .

8. Reactive aggregate distress . Reactive aggregates either expand in alkaline environ-
ments or develop prominent siliceous reaction rims in concrete . The reaction may be
alkali-silica or alkali-carbonate. As the expansion occurs, the cement matrix is dis -
rupted and cracks . It looks like a map-cracked area ; however, the cracks go deeper
into the concrete than does normal map cracking . (This distress is not included in
the SHRP manual, but the manual adds a new category of polished aggregates de -
scribed as surface mortar and texturing worn away to expose coarse aggregate . )

9. Scaling, map cracking, or crazing. Map cracking or crazing refers to a network o f
shallow, fine, or hairline cracks that extend only through the upper surface of th e
concrete . Map cracking or crazing is usually caused by overfinishing of the con-
crete and can lead to scaling of the surface, which is the breakdown of the sla b
surface to a depth of approximately 4 to in. (6 to 13 mm). Scaling can be caused
by deicing salts, by traffic, by improper construction, by freeze-thaw cycles, or b y
steel reinforcements too close to the surface . (In the SHRP manual, this category
is separated into scaling and map cracking .)
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10 . Construction joint deterioration . Construction joint distress is a breakdown of th e
concrete or steel at a CRCP construction joint . It often results in a series of close -
ly spaced transverse cracks near the construction joint or a large number of in-
terconnecting cracks. The primary causes of construction joint distress are poorly
consolidated concrete and inadequate steel content and placement .

Table 9 .2 lists all possible types of distress for rigid pavements and indicate s
whether they are structural or functional, load associated or not load associated .

9.2

	

SERVICEABILITY

Serviceability is the ability of a specific section of pavement to serve traffic in it s
existing condition . There are two ways to determine serviceability. One method is to
use the present serviceability index (PSI) developed at the AASHO Road Test ,
which is based both on pavement roughness and on distress conditions, such a s
rutting, cracking, and patching . The other method is to use a roughness index based
on the roughness only.

TABLE 9 .2 Distresses in Concrete Pavement s

Types of distress

	

Structural

	

Functional Load associated

	

Non-load associate d

Blowup

	

x

	

x

	

x
Corner break

	

x

	

X

	

x
Depression

	

x

	

x
Durability "D" cracking

	

x

	

x

	

x
Faulting of transverse joints and cracks

	

x

	

x
Joint load transfer associated deterioration

	

x

	

X

	

x

	

x
Joint seal damage of transverse joints

	

x
Lane/shoulder dropoff and heave

	

x

	

x
Lane/shoulder joint separation

	

x

	

X

Longitudinal cracks

	

x

	

x
Longitudinal joint faulting

	

x

	

x
Patch deterioration

	

x

	

X

	

x

	

x
Patch adjacent slab deterioration

	

x

	

x

	

x

	

x
Popouts

	

x

	

x
Pumping and water bleeding

	

x

	

x

	

x

	

x
Reactive aggregate distress

	

x

	

x

	

x
Scaling, map cracking, and crazing

	

X

	

X

Spalling (transverse and longitudina l
joints or cracks)

	

x

	

x

	

x
Spalling at corner

	

x

	

x

	

x
Swell

	

X

	

x

	

x
Transverse and diagonal cracks

	

X

	

x

	

X

Construction joint deterioration

	

x

	

x
Edge punchout

	

x

	

x
Localized distress

	

x

	

x

	

x
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9 .2 .1

	

Present Serviceability Inde x

The pavement serviceability–performance concept was developed during the AASH O
Road Test (Carey and Irick, 1960) . Prior to that time, there were no widely accepte d
definitions of performance that could be considered in the design of pavements . The in-
clusion of serviceability as a factor in pavement design was an outstanding feature o f
the AASHO design methods.

Definitions To correlate the subjective rating of pavement performance with objec-
tive measurements, the following terms need be defined :

1. Present serviceability. The ability of a specific section of pavement to serve high -
speed, high-volume, mixed traffic in its existing condition.

2. Individual present serviceability rating . An independent rating by an individual of
the present serviceability of a specific section of roadway. The ratings range from
0 to 5, as shown in Figure 9 .23, which is the rating form used during the AASH O
Road Test . The form also includes provision for the rater to indicate whether th e
pavement is acceptable as a primary highway. It was found that the 50th
percentile for acceptability occurred when the PSR was in the neighborhood of
2 .9, whereas the 50th percentile for unacceptability corresponded roughly to a
PSR of 2 .5 .

3. Present serviceability rating (PSR) . The mean of the individual ratings made by
the members of a specific panel .

4. Present serviceability index (PSI) . A mathematical combination of value s
obtained from certain physical measurements so formulated as to predict th e
PSR for those pavements within prescribed limits .

5. Performance index (PI) . A summary of PSI over a period of time, which can b e
represented by the area under the PSI versus time curve, as shown in Figure 9 .24 .
There are many possible ways in which the summary value can be computed .
Perhaps the simplest summary consists in the mean ordinate of the curve of PS I
against time .

FIGURE 9 .2 3
Individual present serviceability rating
form . (After Carey and Irick (1960) )

Acceptable ?

Yes

No

Undecided

5
Very Goo d

4
Good

3
Fair

2
Poor

1
Very Poo r

0

Section Identification	 Rating	

Rater	 Date	 Time	 Vehicle
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FIGURE 9.24

PS I

PSI as a function of time.

	

Time

Steps in Formulating PSI The following procedures, which are general and can be ap-
plied to obtain similar indices for other purposes, represent the minimum require-
ments for the establishment, derivation, and validation of PSI :

1. Establishment of definitions . The precise meaning of terms and exactly what is to
be rated and what should be included and excluded from consideration must b e
clearly understood by those involved in rating and in formulating and using th e
index .

2. Establishment of rating group or panel . Because the raters are to represent high -
way users, they should be selected from various segments of the users with diver -
gent views and attitudes.

3. Orientation and training of rating panel . Members of the panel must understand
the pertinent definitions and the rules of the game . Practice rating sessions ma y
be conducted in which the raters can discuss their ratings .

4. Selection of pavement for rating. The pavements selected for rating should rang e
from very poor to very good and contain all the various types and degrees of dis -
tress that are likely to influence serviceability . The minimum desirable length of a
pavement to be rated shall be 1200 ft (366 m), so the raters can ride over the sec -
tion at high speed and not be influenced by the condition of the pavement at both
ends. A total of 74 sections of flexible pavements and 49 sections of rigid pave -
ments in Illinois, Minnesota, and Indiana, plus some flexible pavements at th e
AASHO Road Test site, were used for developing the PSI equations .

5. Field rating . Members of the panel are taken in small groups to the sections to b e
rated. They are allowed to ride over each section in a vehicle of their choice and
to walk and examine the pavement as they wish . Each rater works independently
and no discussion between raters is permitted .

6. Replication. To determine the ability of the Road Test panel to rate the pave-
ments consistently, many sections were rated twice within a short period of tim e
so that the section did not change physically . It was found that the difference be -
tween two ratings ranged from 0 to 0 .5 with an average of 0 .2.

7. Validity of rating panel. The sections of flexible pavements in Illinois were als o
rated by two professional drivers based on the rides they obtained when drivin g
their own fully loaded tractor semitrailers and by 20 Canadians, who were ordi-
nary automobile drivers, not professionally associated with highways. It was
found that the ratings given by the panel were similar to those given by the othe r
user groups .
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8. Physical measurements. The purpose of making physical measurements is to re -
late them to PSR, so that the tedious task of panel rating can be replaced by me -
chanical measurements. It was found that present serviceability was a function
primarily of longitudinal and transverse profiles, with some likelihood that crack -
ing, patching, and faulting would also contribute . Therefore, measurements can
be divided into two categories : those that describe surface deformation and thos e
that describe surface deterioration . Details about objective measurements are
discussed in the next section .

9. Summaries of measurements . There are many different ways to summariz e
surface deformation and surface deterioration . For example, longitudinal pro -
file may be expressed as mean slope variance, total deviation of the record
from some baseline in in./mile (m/km), number of bumps greater than som e
minimum, a combination of several different measurements, or any other sum-
mary statistics involving variance of the record . Transverse profile may b e
summarized by mean rut depth, variance of transverse profile, or the varianc e
of rut depth along the wheelpath . Cracking and deterioration occur in differ-
ent levels of severity, and their measurements can be expressed in one unit o r
another .

10. Derivation of PSI. After PSRs and measurement summaries have been obtaine d
for all the selected pavements, the final step is to combine the measuremen t
summaries into a PSI formula that predicts the PSRs to a satisfactory approxi-
mation . The technique of multiple linear regression analysis may be used to
arrive at the formula and to decide which measurements may be neglected . For
example, if the longitudinal profile summary is found sensitive to faulting, the n
faulting measurements need not appear in the formula whenever the profile
measure is included .

Objective Measurements Many measurements summaries were tried in the Road
Test, but those finally selected were mean slope variance SV for the longitudina l
profile, mean rut depth RD for the transverse profile, and cracking C and patching P
for surface deterioration .

Mean Slope Variance The symbol SV is used for the summary statistics o f
wheelpath roughness as measured by the Road Test longitudinal profilometer . For
each wheelpath, the profilometer produces a continuous record of the pavement slop e
between two points 9 in . apart, as shown by angle A in Figure 9 .25 . The slopes are gen -
erally sampled at 1-ft (0 .3-m) intervals over the length of the record . A variance SV is

FIGURE 9 .2 5
Measurement of slope variance by

9 in .

	

profilometer (1 in . = 25 .4 mm) .
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2 ft

	

2 f t

FIGURE 9 .2 6
Measurement of rut depth
by a gage (1 ft = 0 .305 m) . Rut Depth

computed for the sample slopes in each wheelpath from

1(S — S)2

SV =
n— 1

in which S is each sample slope, N is the number of samples, and S is the mean of al l
slopes, ES/n . The SVs of the two wheelpaths are averaged to give the mean slop e
variance SV .

Mean Rut Depth The transverse profile of the flexible pavement sections was
measured by a rut depth gage . The gage is used to determine the differential elevatio n
between the wheelpath and a line connecting two points each 2 ft (0 .6 m) away from
the center of the wheelpath in the transverse direction, as shown in Figure 9 .26 . Rut
depth measurements were obtained at 20-ft (6 .1-m) intervals in both wheelpaths,
which were averaged to give the mean rut depth RD .

Cracking and Patching Cracking and patching were combined as a single vari -
able . Cracking is expressed as linear feet and patching as square feet, both per 1000 f t2
of pavement area .

Development of PSI Equation The basic equation is in the linear form

PSI = Ao + (AiR1 + A2R 2 + . . .) + (BiDi + B 2 D 2 + .) (9 .2 )

in which R 1 , R 2 , . . . are functions of profile roughness and D l , D2 , . . . are function s
of surface deterioration . Note that PSI is an approximation of PSR within pre-
scribed limits .

Choice of Functions Because the measurement summaries are not linearly relat-
ed to PSR, a transformation must be applied to each of the summaries . This can be
achieved by plotting the measurements versus PSR in various forms and finding ou t
which plot results in a straight line. The following linearizing transformations can be used :

Ri = log(1 + SV) (9 .3 )

Rz = RD 2 (9 .4 )

D l =\/C+P (9.5)

Figures 9 .27, 9 .28, and 9 .29 show the plot of PSR versus R1 , R 2 , and D l for the 74
flexible sections, and Figures 9 .30 and 9 .31 show the plot of PSR versus R l and Dl for
the 49 rigid sections. It can be seen that the data scatter a great deal, especially i n
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FIGURE 9 .2 8
PSR versus RD 2 for flexible
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Figures 9 .28 and 9 .29 . However, these plots were found to result in the best linearizin g
functions available. Therefore, the equation for flexible pavements can be written a s

PSI=Ao+A1R1 +A2R2+B1D1

=Ao+A 1 log(1+SV)+A2RD2 +B1 //C+P

	

(9 .6 )

For rigid pavements, there is no rut depth, so the equation become s

PSI=Ao+A1R1 +B 1 D 1 =Ao+A1 log(1+SV)+B1\/C+P

	

(9 .7 )

Determination of Coefficients The coefficients A0 , Al , A2, and B 1 in Eq. 9 .6 and
A0 , A l , and Bl in Eq. 9.7 can be determined by linear multiple regression . From



394 Chapter 9

	

Pavement Performance

5 .0

4 . 0

3 . 0

2 .0

1 . 0

FIGURE 9 .29
0

PSR versus VC + P for flexibl e
pavements. (After Carey an d
Irick (1960))

0 24 281 64 208

	

1 2

D = VC + P

5 .0

4 .0

3 .0

2 .0

FIGURE 9 .3 0
PSR versus log(1 + SV) for rigid
pavements . (After Carey and
Irick (1960))

1 .0

0
0 0 .4

	

0 .8

	

1 .2

	

1 .6

•I	 I

R~ = log(1 + SV)

2 .0

5 .0

4 .0

3 .0

2 .0

1 .0

FIGURE 9 .31
0

PSR versus VC + P for rigi d
pavements. (After Carey an d
Irick (1960))

0

	

4

	

8

	

12

	

16

	

20

	

24

	

2 8

D~=VC+ P



or

9 .2 Serviceability

	

39 5

Eq. 9 .6, the error between PSR and PSI for all sections can be expressed a s

E = E (PSR — PSI) 2 = (PSR — Ao — A1 R1 — A2R 2 — B 1 D 1 ) 2 (9 .8 )

in which 1 is the summation over all sections (e.g ., the 74 flexible pavement sections in
the Road Test) . The coefficients Ao, Al , A 2 , and Bl must be selected so that the least
error is obtained. The value of E can be minimized by taking partial derivatives wit h
respect to each of the coefficients and setting them to zero . This results in four equa-
tions and four unknown coefficients, which can easily be solved. The derivation of
these four equations is as follows : From Eq. 9 .8 ,

aE
= 2E (PSR — Ao — A1 R1 — A2R2 — B1D1)= 0

aAo

PSR — nAo — A1 ER1 — A2 ER2 — B 1ED 1 = 0

in which n is the number of pavement sections. Dividing by n and rearranging yields

PSR = Ao + A 1R1 + A2R2 + B1D1

	

(9 .9 )

From Eq . 9 .8,

aE
=—2E[(PSR—Ao — A 1 R 1 — A2R2 — B1D1) R1] = 0

aAl

Replacing Ao by Eq . 9 .9 yield s

E{[PSR—PSR—A1 (R 1 —R l )—A 2(R2 —R2)—B1 (D1 —D1 )]R1}= 0

To make the equation more systematic, a constant term R 1 can be added :

E,{ [PSR — PSR — A 1 (R 1 — R 1 ) — A2(R 2 — R 2 )

—B1( D1 —D1)]( R1 -Rl)} =0

	

(9 .10)

This addition has no effect on the equation, becaus e

R 1 E[PSR —PSR—A 1( Rl —Rl) —A2(R2 —R2) —B1(Dl —D1) ]

= R1 EPSR — EPSR — Al l ~R1 — ER1) —
A2( ER2 — ER2)

- B1(EDl -
EA

) ]

=0
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Equation 9 .10 can be simplified to

Ail(Ri —R i) 2+ A2E( R 2 —R2)(Ri —R i) +B11(D i —Di)(R t —R 1 )

= E (PSR — PSR) (R i — R1 ) (9.11 )

The remaining two equations can be obtained by taking partial derivatives of E wit h
respect to A 2 and B l or by simply replacing the multiplier ( R i — Ri) in Eq . 9 .11 with
(R2 — R2) and (D 1 — D i ), respectively :

Al , (Ri — R1) ( R 2 — R2) + A2 , (R2 — R2 ) 2 + Bi l (D 1 — Di ) ( R 2 — R 2 )

=

	

(PSR — PSR)(R2 — R2) (9.12)

A i ,(R 1 – R1)( D1 – D1) + A2E(R2 – R2)(Di – D i) + B 1 1(Di – D 1 ) 2

= E (PSR — PSR) (Di — Di) (9 .13 )

Equations 9 .9, 9 .11, 9 .12, and 9 .13 can be used to solve the four coefficients.
The final PSI equation obtained by the Road Test based on 74 flexible sections i s

PSI = 5 .03 – 1 .91 log(1 + SV) – 1 .38RD 2 – 0.01VC + P

	

(9 .14 )

in which the units are 10-6 rad for SV, in . for RD, ft/1000 ft2 for C, and ft2/1000 ft 2 for
P. The equation based on 49 rigid sections i s

PSI = 5 .41 – 1 .71 log(1 + SV) – 0 .09\/C + P

	

(9 .15 )

Example 9 .1 :

Table 9.3 gives the measurements and ratings on seven sections of rigid pavements . Find the re-

gression equation for PSI .

TABLE 9 .3 Measurements and Ratings on Rigid Pavement Section s

Section no.
Slope variance

SV (10 -6 )
Cracking and patching

C + P (ft or ft 2/1000 ft 2 )
Present serviceability

rating (PSR)

1 52 .0 60 .8 2. 0
2 6 .5 4 .0 4 .2
3 22 .2 53 .5 2 .6
4 26.2 53 .3 2 .3
5 47.8 130 .0 1 . 2
6 25 .5 16 .0 2. 8
7 3 .2 0 .0 4.4

Note . 1 ft = 0.305 m .
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TABLE 9 .4 Computation of Regression Equation for PSI

Section log(1 + SV) \/C + P PSI
no. Rl Di PSR R 1 - R1 Di - Di PSR - PSR check

1 1 .72 7 .80 2 .00 0 .42 2 .11 -0 .79 1 .92
2 0 .88 2 .00 4 .20 -0 .42 -3 .69 1 .41 3 .94
3 1 .37 7 .31 2 .60 0 .07 1 .62 -0 .19 2 .4 3
4 1 .43 7 .30 2 .30 0 .13 1 .61 -0 .49 2 .3 6
5 1 .69 11 .40 1 .20 0 .39 5 .71 -1 .59 1 .3 4
6 1 .42 4 .00 2 .80 0 .12 -1 .69 0 .01 2 .93
7 0 .62 0 .00 4 .40 -0 .68 -5 .69 1 .61 4 .6 0

Average 1 .30 5 .69 2 .79

Solution: Consider log(1 + SV) as RI and VC + P as D l . The values of RI - R 1 , Dl - Dl ,
and PSR - PSR are tabulated in Table 9 .4.
From Eq . 9 .9,

2 .79 = Ao + 1 .30A i + 5 .69B 1

	

(9 .16 )

From Eq. 9 .11, [(0 .42) 2 + ( -0 .42 ) 2 + (0.07 ) 2 + (0 .13 ) 2 + (0 .39 ) 2 + (0 .12 ) 2 + ( -0 .68 ) 2] A 1 +
[0 .42x2.11+(-0.42)(-3.69)+0.07x1.62+0.13x1.61+0.39x5.71+0.12(-1 .69) +
(-0.68)(-5 .69)]Bl = 0 .42(-0 .79) + (-0 .42) x 1 .41 + 0 .07(-0 .19) + 0 .13 x (-0.49) + 0 .3 9
(-1.59) + 0 .12 X 0 .01 + (-0.68) X 1 .61, o r

1 .004A 1 + 8 .652B 1 = -2.715

	

(9 .17)

From Eq. 9.13, 8 .652A 1 + [(2 .11) 2 + (- 3 .69) 2 + (1 .62) 2 + (1 .61) 2 + (5 .71) 2 + (-1 .69) 2 +
(-5 .69) 2]B1 = 2 .11(-0.79)+(-3 .69) x 1 .41+1 .62(-0.19)+1.61 x (-0.49)+5.71(-1 .59) +

(-1 .69) X 0 .01 + (-5.69) X 1 .61, o r

8 .652A 1 + 91 .121B1 = -26 .223

	

(9 .18 )

From Eqs. 9 .17 and 9.18, A I = - 1 .23 and Bi = -0.17 . From Eq . 9 .9, Ao = 5 .36 . The regression
equation is

PSI = 5 .36 - 1.23log(1 + SV) - 0 .17V/C + P

	

(9 .19 )

Values of PSI computed by Eq . 9 .19 are tabulated in the last column of Table 9 .4 .

Deficiencies in PSI Equation The PSI equations developed by the AASHO Roa d
Test have the following shortcomings :

1. They were based on the evaluations of the Road Test rating panel . Whether the
public's perception of serviceability is the same today as 30 years ago is question -
able because vehicles, highway characteristics, and travel speeds have change d
significantly.

2. They include not only the rideability but also the surface defects . For the man-
agement of pavement inventory, it would be better to have separate measures o f
ride quality and surface defects . Therefore, there is a need to develop a new pave-
ment rating scale to ensure that the objective pavement evaluations are directly
and reasonably related to the public's perception of riding quality.
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3. The profilometer used in the Road Test is no longer in use today. Errors are mul -
tiplied when the original AASHO PSI equation is used with a different metho d
for measuring roughness. The best way to eliminate this problem is to form a new
pavement rating panel and to correlate the result directly with the particula r
roughness instrument of interest .

Both pavement distress and ride quality are terms that describe the physical con -
dition of pavements; it is frequently assumed that they will be highly correlated and
that a relationship exists allowing a reliable estimate of one from a measure of th e
other. However, this relationship can rarely be found in the pavement performanc e
data bases. The reason for the lack of correlation between distress and roughness i s
that, in reality, they are physically different attributes of pavement conditions .

9.2.2 Roughness

Although the physical measurements used for computing PSI include the distress data o f
rut depth, cracking, and patching, it is the longitudinal profile or roughness that provide s
the major correlation variable. The correlation coefficient between PSR and PSI i s
increased by only about 5% after the addition of distress data (Zaniewski et al., 1985) .
Because of the relatively small contribution to PSI by physical distress and the difficulty
in obtaining the distress data, many agencies rely only on roughness to estimate PSI .

Methods for Measuring Roughness Either direct or indirect methods can be used to
measure roughness. Direct measures of longitudinal profile can be obtained from Class I
or Class II devices . Class I devices include the traditional longitudinal surveys by ro d
and level or by some other labor-saving apparatus (such as the Face Dipstick, which i s
walked along the test path on two feet spaced 1 ft (0 .305 m) apart) . Class II device s
include various types of profilometers, such as the chloe type rolling straightedge pro-
filometer used in the AASHO Road Test, the Surface Dynamics Profilometer (SDP )
designed by General Motors (Spangler and Kelly, 1964), the siometer employed by the
Texas State Department of Highways and Public Transportation for measuring the ser -
viceability index (Fernando et al., 1990), and the profilometer and rut measuring devic e
called PRORUT owned by FHWA (1987a) . Indirect measures of longitudinal profile
are those obtained from response-type road roughness meters (RTRRM), such as the
Mays ridemeter . RTRRM systems are referred to as class III devices .

A survey of 48 states shows that the Mays ridemeter is the most popular devic e
for roughness measurements and is used by 22 states (Epps and Monismith, 1986) . The
RTRRMs measure the relative movement in inches per mile (m/km) between the bod y
of the automobile and the center of the rear axle . They are inexpensive, simple, an d
easy to operate at speeds of up to 50 mph (80 km/h) . The recording systems are
portable and can be installed in selected standard automobiles . The RTRRM measure -
ments are sensitive to the type of tires, tire pressure, load, vehicle suspension system ,
speed of car, and factors that affect vehicle responses . Because of such sensitivity, they
need to be calibrated when any of the foregoing factors changes significantly .

A recent survey of 37 states shows that most states are using laser-typ e
profilometers (profilers) for roughness measurements, that only one state is still using
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the Mays ridemeter, and that the international roughness index (IRI) is the one mos t
widely used .

When the response-type road roughness meters are properly calibrated, the out -
put from all the meters may be placed on a common scale . One primary advantage o f
this approach is that the subjective interpretation of road roughness can be eliminate d
and pavement engineers will have a common scale for describing the ride quality of a
road. Once the common scale is accepted, each highway agency may define wher e
good, fair, and poor ride quality should be located on the scale . Certainly, PSR values
from large panels could be correlated with the roughness scale as a means for intepret -
ing the roughnes data .

International Roughness Index To provide a common quantitative basis on which
the different measures of roughness can be compared, the International Roughnes s
Index (IRI) was developed at the International Road Roughness Experiment held i n
Brazil in 1982 under the sponsorship of the World Bank . The World Bank published
guidelines for conducting and calibrating roughness measurements (Sayers et al., 1986a) ;
the IRI has been adopted as a standard for the FHWA Highway Performance Moni-
toring System (HPMS) data base (FHWA, 1987b) .

The IRI summarizes the longitudinal surface profile in the wheelpath and is com -
puted from surface elevation data collected by either a topographic survey or a mechan -
ical profilometer. It is defined by the average rectified slope (ARS), which is a ratio o f
the accumulated suspension motion to the distance traveled obtained from a mathemat -
ical model of a standard quarter car transversing a measured profile at a speed of 50 mp h
(80 km/h) . It is expressed in units of inches per mile (m/km) . General methods for use in
simulation are also specified in ASTM E 1170 "Standard Practices for Simulating Vehic -
ular Response to Longitudinal Profiles of a Vehicular Traveled Surface . "

Since no two RTRRMs are exactly alike, it is necessary to convert the measure s
to the standard IRI scale by using the relationships established through calibration .
Calibration can be achieved by measuring the ARS of the RTRRM at a standard spee d
on special calibration sites of known IRI roughness values . The measured ARS value s
are plotted against the IRI values, and a line is fitted to the data points and used to es -
timate IRI from the RTRRM measurements in the field. A detailed discussion of this
procedure was presented by Sayers et al . (1986b) .

Riding Number Janoff et al. (1985) investigated the relationship between roughness
and serviceability. They found that the riding number RN, as measured with a pro-
filometer in the band of frequencies between 0 .125 and 0 .63 cycle/ft (10 to 15 Hz a t
55 mph), is highly correlated with the mean panel rating MPR for all three types o f
pavements : asphalt, concrete, and composite . Note that RN, which ranges from 0 to 5, i s
equivalent to PSI and that MPR is equivalent to PSR . The resulting regression equa-
tion that transforms the longitudinal roughness in this frequency band into RN i s

RN = -1 .74 — 3 .03 log(PI)

	

(9 .20 )

in which RN is the riding number of a given pavement section, which gives the best esti-
mate of MPR, and PI is the profile index, defined as the square root of the mean square
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of the profile height in the specified frequency band . The MPR of a given test section i s
also an accurate predictor of the public's subjective perception of whether a specific
test section needs repairs. The percentage of the driving public who feel that a given
section requires repair is defined b y

NR = 132.6 – 33.5 MPR

	

(9 .21a)

or

NR = 190 .9 + 101 .5 log(PI)

	

(9 .21b)

in which NR is the percentage of drivers who think that the pavement needs repair .
Therefore, given only longitudinal roughness measures, one can compute both th e
rideability number and the exact percentage of the driving population that thinks th e
road should be repaired.

Equations 9 .20 to 9.21b were based on data from Ohio only. The data base was
later extended to include 282 pavement sections in New Jersey, Michigan, New Mexico ,
and Louisiana. Given combined data from all five states, the equations were modifie d
as follows (Janoff, 1988) :

RN = -1 .47 – 2 .85 log(PI) (9 .22 )

NR = 131.7 – 33 .9 RN (9.23a )

NR = 181.5 + 96 .6 log(PI) (9 .23b)

A nonlinear equation was also developed to compute RN :

(9 .24 )RN = 5 exp[–11.72(PI)° .89]

Equations 9 .22 and 9 .24 are both valid within the range of the data base collected . The
nonlinear equation extends the prediction to the entire range of roughness, although i t
is no more accurate or valid than the linear equation within the range of the data base .

Relationship between PSI and IRI Relationships between PSR and IRI were devel -
oped by Al-Omari and Darter (1994) for flexible, rigid, and composite pavement type s
for the states of Louisiana, Michigan, New Jersey, New Mexico, and Indiana . They found
that there were no significant differences between the models for different states an d
pavement types. The following nonlinear model that fits the boundary conditions i s
recommended :

PSR = 5 x e (-0 .004ix IRI)

	

(9 .25)

Here, PSR = present serviceability rating, IRI = international roughness index i n
in./mile . Gulen et al . (1994) indicated that the preceding equation was biased and was
not statistically correct, because it was forced to pass through PSR = 5 when IRI = 0 .
They proposed a number of models for the state of Indiana and suggested that the se -
lection of the model depended on the user's need .

Hall and Munoz (1999) developed models for estimating the present serviceabil -
ity index (PSI) and the international roughness index (IRI) for asphalt and concrete
pavements. These models were developed by first analyzing the correlation betwee n
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slope variance (SV) and PSI values using the AASHO Road Test data and then ana-
lyzing the correlation between SV and IRI for profiles representing a broad spectru m
of road roughness levels. The following equations were obtained :

Asphalt Pavement :

PSI = 5 — 0 .2397x4 + 1 .771x 3 — 1 .4045x 2 — 1 .5803x

	

(9 .26a)

Concrete Pavement :

PSI = 5 + 0.6046x 3 — 2.2217x2 — 0 .0434x

	

(9 .26b)

In both cases, x = log(1 + SV) and SV = 2 .2704 (IRI) 2 .

9.3

	

SURFACE FRICTIO N

Adequate surface friction must be provided on a pavement, so that loss of control doe s
not occur in normally expected situations when the pavement is wet . The skid accident
reduction program issued by the Federal Highway Administration (FHWA, 1980 )
encourages each state highway agency to minimize wet weather skidding accidents by
identifying and correcting sections of roadway with high or potentially high skid acci -
dent incidence and ensuring that new surfaces have adequate, durable skid-resistan t
properties.

9.3.1 Factors Affecting Skid Accident s

Pavement characteristics are only one element of a multiple-component system in which
each component has a significant effect and interacts with the others to cause skid acci -
dents . The four major elements are the driver, the roadway, the vehicle, and the weather.

Friction demands on a pavement vary greatly, depending on the speed of a vehi -
cle, its design, and the design and condition of its braking system . The skill of the oper -
ator also affects the potential for loss of control or skidding . Weather, especially we t
pavements and the thickness of water film on the pavement, also affects the available
friction . If the water layer on the pavement is very thick and the tire moves at a hig h
speed, hydroplaning occurs . This phenomenon is analogous to water skiing and makes
the vehicle uncontrollable. The following are some of the surface conditions that are
indicative of potential safety hazards :

1. Bleeding of asphalt, which covers the aggregates and obscures the effectivenes s
of their skid-resistant qualities.

2. Polished aggregate with smooth microtexture, which reduces friction between th e
aggregate and the tire .

3. Smooth macrotexture, which lacks suitable channels to facilitate drainage .

4. Rutting, which holds water in the wheelpaths after rain and causes hydroplaning .

5. Inadequate cross slope, which retains water on the pavement for a longer time,
reduces friction, and increases the thickness of the water layer and the potentia l
for hydroplaning.
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9 .3 .2 Measurement of Surface Frictio n

Various methods have been used to determine the coefficient of friction between pave -
ment and tire . The coefficient depends not only on pavement properties, but also o n
many other factors, such as tire type, tire wear, inflation pressure, vehicle speed ,
whether the wheel is rolling or locked, and whether the pavement is wet or dry . To ob-
tain meaningful results, all the factors not related to the pavement must be fixed o r
clearly defined so that the only variables are the pavement properties .

Definition of Skid Number Surface friction is defined as the force developed when a
tire that is prevented from rotating slides along the pavement surface . Surface friction
can be computed as

F=µW

	

(9 .27)

in which F is the tractive force applied to the tire at the tire–pavement contact, µ is
the coefficient of friction, and W is the dynamic vertical load on the tire . The coeffi-
cient of friction determined from Eq . 9 .27 is multiplied by 100 to obtain the skid
number :

SN=100µ=100(F
)

	

(9 .28)

Direct Measurement of Skid Number Pavement friction is measured most fre-
quently by the locked wheel trailer procedure, as specified in ASTM E 274 "Standard
Test Method for Skid Resistance of Paved Surfaces Using a Full-Scale Tire ." The full -
scale tire is usually a standard tire specified in ASTM E 501 "Standard Specification
for Standard Rib Tire for Pavement Skid-Resistance Tests ." The test tire is installe d
on the wheel or wheels of a single- or two-wheel trailer . The trailer is towed at a spee d
of 40 mph (64 km/h) over the dry pavement, and water is applied in front of the test
wheel . The braking system is actuated to lock the test tire . Equipment is provided
to measure the friction force generated when the tire is locked and the vehicle an d
trailer are moving at the prescribed speed . The results of the test are reported as a
skid number, SN.

The ASTM E 274 method is used by more than forty states. Another method ,
which measures the coefficient of friction between tire and pavement in the yaw mode ,
is used by at least four states . A simple trailer called Mu Meter is commercially avail-
able, which measures the side force developed by two yawed wheels with smooth tires .
The two wheels are yawed at equal but opposite angles to make the trailer travel in a
straight line without requiring a restraining mechanism. The use of the Mu Meter i s
specified in ASTM E 670 "Standard Test Method for Side Force Friction on Paved Sur -
faces Using the Mu-Meter . "

The most natural method for determining the skid resistance is to drive an auto -
mobile on a pavement, lock the wheels after the desired speed is reached, and measur e
how far the vehicle slides until it comes to a full stop . This method is specified in AST M
E 445 "Standard Test Method for Stopping Distance on Paved Surfaces Using a Pas-
senger Vehicle Equipped with Full-Scale Tires ." The coefficient of friction can then be
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easily determined from mechanics by the formul a

V2

2gS

	

(9 .29 )

in which V is the initial vehicle speed, g is the acceleration of gravity, and S is the brak -
ing distance . If V is in mph and S in ft, then, from Eqs . 9 .28 and 9 .29 ,

SDN = 100(
3VOS)

(9 .30)

Note that the skid number obtained by the stopping distance method in ASTM E 445
is called the stopping distance number, SDN, instead of SN because values of SDN are
numerically larger than those of SN. The reason is that wet pavement friction increase s
with decreasing speeds and the speed in stopping distance tests decreases from 40 to 0 mp h
(64 to 0 km/h), whereas the standard skid number is determined at 40 mph (64 km/h) .
The use of the stopping distance method is potentially hazardous, especially at hig h
speeds . The hazard can be reduced by locking two diagonal wheels instead of all fou r
wheels. The results, however, are questionable, because the stopping distance might no t

be representative of the actual value.

Relating Surface Texture to Skid Number Many methods have been used for mea-
suring surface texture, such as tracing by stylus, measuring the outflow rate, and usin g
putty to fill surface irregularities. One method that has been used frequently is the sand
patch method, specified as ASTM E 965 "Standard Test Method for Measuring Surfac e
Macrotexture Depth Using a Sand Volumetric Technique ." The test procedure involves
spreading a known volume of material on a clean and dry pavement surface, measurin g
the area covered, and calculating the mean texture depth MTD as a quotient betwee n

volume and area . This method is not suited for extensive field use because it require s
the diversion of traffic. It is preferable to measure texture by some noncontact method
from a vehicle moving at normal speed, as reported by Henry et al. (1984) .

The macrotexture provides drainage paths for the water entrapped betwee n
pavement surface and tire imprint . After most of the water is expelled, some portion o f
the tire will make actual contact with the tips and plateaus of the pavement surface .
Significant friction can be developed because the small-scale asperities of the aggre-
gate particles penetrate whatever moisture may remain . This fine texture is referred t o

as microtexture . The division between macrotexture and microtexture is arbitrarily se t

at a texture depth of 0 .5 mm, as defined in ASTM E 867 "Standard Definitions o f
Terms Relating to Traveled Surface Characteristics. "

A new Road Surface Analyzer (ROSAN) was developed jointly by FHWA and pri -
vate industry to provide measurements of pavement surface textures (Kuemmel et al. ,
2000) . It utilizes high-speed lasers to collect surface profile data, which are then convert -
ed to surface textural measurements by use of custom analysis software . Data acquisition
and storage are accomplished by use of an onboard computer. The ROSAN system in-
cludes both vehicle-mounted and stationary measurement capabilities. The ROSAN V
(v for vehicle-mounted) uses a bumper-mounted 64-kHz laser sensor (operating at 3 2
kHz) for data collection at normal highway speeds . The ROSANb (b for beam-mounted)
utilizes a trolley-mounted 16-kHz laser that traverses a 1-m metal beam and can be use d
for stationary measurements of localized pavement surface areas .
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Unfortunately, no practical method has been developed to measure microtextur e
directly. A commonly used substitute is to measure low-speed friction by the Britis h
Pendulum Tester, as specified in ASTM E 303 "Standard Method for Measuring Sur -
face Friction Properties Using the British Pendulum Tester ." The tester is equipped
with a standard rubber slider that is positioned to barely come in contact with the test
surface prior to conducting the test . The pendulum is raised to a locked position, then
released, thus allowing the slider to make contact with the test surface . A drag pointe r
is used to read the British Pendulum Number, BPN. The greater the friction between
the slider and the test surface, the more the swing is retarded and the larger is the BP N
reading. The test can be conducted either in the field or in the laboratory .

The relationship between skid number SN and speed V can be expressed by (Le u
and Henry, 1978)

SN = SNo expl –(	PIN
)V J

	

(9 .31 )

in which SNo is the SN at zero speed and PNG is the percent normalized gradient o f
the SN versus V curve. Equation 9 .31 shows that the skid number is contributed by
microtexture in terms of SNo and macrotexture in terms of PNG. It can be easil y
proved from Eq. 9 .31 that PNG = -100(dSN/dV)/SN, which is the percent gradient,
100(dSN/dV), normalized by dividing by SN .

Figure 9 .32 shows the relationship between the zero intercept skid number, S N0,
and the BPN. The linear relationship can be expressed as (Meyer, 1991 )

SNo = 1 .32 BPN – 34.9

	

(9 .32 )
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Relationship between PNG and MTD
(1 h/mile = 0 .63 hlkm, 1 in . = 25 .4 mm) .
(After Meyer (1991))

Figure 9 .33 shows the relationship between percent normalized gradient PN G
and mean texture depth MTD . The relationship can be expressed as (Meyer, 1991 )

PNG = 0157(MTD)-° .47

	

(9 .33 )

in which PNG is in h/mile and MTD is in inches .
It should be pointed out that Eqs . 9 .32 and 9 .33 are based on limited data and tha t

different regression equations were presented by Wambold et al. (1989) . Values of
PNG and SN° can also be obtained from the SN versus speed curve obtained fro m
locked-wheel skid resistance tests at several speeds . From Eq. 9 .31 ,

log(SN) = log(SN0 ) — 0.00434(PNG)V

	

(9 .34)

Therefore, a plot of log(SN) versus V should result in straight line, as shown in Figure 9 .34 .
The intercept at zero speed is SN° and the slope of the straight line is 0 .00434 PNG.

FIGURE 9 .3 4

Method for determining SNo
and PNG.

log SN

V
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Example 9 .2 :

The skid numbers obtained from locked-wheel skid tests at various speeds are listed in Table 9 .5 .
Determine the skid number SNo and the percent normalized gradient PNG . Estimate the proba-
ble BPN and the mean texture depth MTD of the pavement surface .

TABLE 9 .5 Skid Numbers Measured at Variou s
Speeds

Speed V (mph)

	

10

	

30

	

50

	

70
Skid number SN

	

52

	

44

	

34

	

29

Note . 1 mph = 1 .6 km/h .
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FIGURE 9 .3 5

Example 9.2 (1 mph = 1 .6 km/h) .

Solution: Plot SN versus Von a semilog paper and draw a best-fit line passing through thes e
four points, as shown in Figure 9 .35 . The intercept at V = 0 is SNo = 58 and the slope o f
the straight line is 0 .00434(PNG) = (log 58 - log 26)/80 = 0 .00436, or PNG = 1 .0% . From
Eq. 9 .32, BPN = (58 + 34 .9)/1 .32 = 70, and from Eq . 9 .33, 1 = 0.157(MTD) -0.47 , or MTD =
0.0195 in . (0 .5 mm) .

9.3.3 Control of Skid Resistanc e

The skid resistance of new and existing pavements must be properly controlled so that
the minimum requirement can be met .

Minimum Required Skid Resistance The minimum skid resistance required for a
pavement depends on the method of measurement and the traffic speed . Table 9.6
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TABLE 9 .6 Recommended Minimum Skid Number for

Main Rural Highways

Traffic speed

	

SN measured at

	

SN measured
(mph)

	

traffic speed

	

at 40 mph

30 36 3 1
40 33 3 3
50 32 3 7
60 31 4 1
70 31 46

Note . 1 mph = 1 .6 km/h.
Source. After Kummer and Meyer (1967) .

shows the minimum skid numbers, measured according to ASTM E 274, for main rura l
highways as recommended by the NCHRP Report 37 (Kummer and Meyer, 1967) . For
interstate highways, lower values of SN than those shown in the table could be suffi-
cient, whereas certain sites will require higher values. For a mean traffic speed of 50 mp h
(80 km/h), NCHRP Report 37 recommended a SN of 37, measured at 40 mph (64 km/h) ,
as the minimum permissible for standard main rural highways . Because there are n o
definite federal and state standards on the minimum SN required, most highway agen-

cies follow the guidelines recommended by NCHRP Report 37.

Design of New Pavements The skid resistance of wearing surfaces depends both o n
the aggregate and on the mixture characteristics .

Aggregate Characteristics The most frequently sought after characteristics fo r
a skid-resistant aggregate are its resistance to polish and wear and its texture, shape ,

and size :

1. The ability of an aggregate to resist the polish and wear actions of traffic has lon g
been recognized as a most important characteristic . When an aggregate becomes
smooth, it will have poor skid resistance .

2. Both the microtexture and the macrotexture have a great effect on skid resis-
tance. Microtexture describes surface coarseness as governed by the size of indi -
vidual mineral grains and the matrix in which they are cemented. Macrotexture
refers to the angularity of the aggregate particles and the voids and pits in th e

pavement surface. An aggregate with larger than sand sizes of hard grains an d
weak cementation of the grains will wear under traffic and expose a continuall y

renewed nonpolished surface . However, if the matrix of aggregate is strong, th e
individual grains will be tightly held and subsequently could be polished by traf -

fic. For an aggregate to exhibit satisfactory skid resistance properties, it probabl y
should contain at least two mineral constituents of different hardness in order to
wear differentially and expose new surfaces.

3. The shape of an aggregate particle significantly affects its skid-resistant proper-
ties. Angular particles are more skid resistant as long as they remain angular . The
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retention of angularity depends on such characteristics as mineralogical composi -
tion and the amount of polish and wear produced by traffic . Some minerals wil l
crush into mostly flat and elongated particles, resulting in poor skid resistance .

4. The size of an aggregate has considerable effect on skid resistance . For HMA
pavements, the quality of large-size aggregates has more effect on skid resistanc e
than does that of small-size aggregates, whereas, for PCC pavements, the pres-
ence of cement mortar on the surface causes the sand-size aggregates to have
more influence .

Mixture Characteristics Mixture characteristics can be controlled by the blend-
ing of aggregates, by the selection of proper aggregate size and gradation, by the use o f
appropriate binder content, and by the application of good construction practice :

1. Blending of aggregates to achieve the desired skid resistance is resorted to when
superior quality aggregates are expensive or in limited supply. Blending may be
accomplished by combining natural aggregates with a synthetic aggregate . Mos t
frequently, one of the aggregates will constitute the entire coarse or fine aggre-
gate . To provide good skid resistance, high-quality coarse aggregates should b e
used for HMA, but high-quality fine aggregates for PCC .

2. The maximum size of aggregate, as well as the mix gradation, may be varied to
provide the desired surface texture . The skid resistance of asphalt pavements can
be greatly increased by using an open-graded surface course or a porous pave-
ment . In addition to reducing splash and spray and helping to maintain high fric -
tion levels between vehicle tires and wet pavements, porous asphalt pavement s
are recognized for their ability to reduce night reflectance and decrease tire an d
vehicle noise .

3. The binder content depends on the design criteria to be satisfied . The criteria for
asphalt pavements include durability and stability ; those for concrete pavement s
include durability, strength, and workability . This does not mean that binder con-
tent has no effect on skid resistance. For asphalt pavements, too much asphalt wil l
cause bleeding and result in a slippery surface, whereas too little could lead t o
raveling and deterioration of the pavement surface . For concrete pavements, if
the mortar is improperly balanced in the mix, rapid wear and early deterioration
of the concrete surface can occur . The skid resistance will diminish as the pave-
ment deteriorates .

4. The texture of concrete surface can be controlled by the finishing method . The
mean texture depth and the initial skid number for some of the finishing method s
are shown in Table 9 .7 .

Improvement of Existing Surface The correcting measure for a pavement surface of
low skid resistance usually consists of modifying the existing surface rather than apply -
ing a new surface . The nature of the modification varies with the type of surface and
the cause of low skid resistance. For example, grooving could be the answer for a con-
crete pavement, and bonding aggregates on the surface to form the desired textur e
could be the answer for a bituminous pavement .
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TABLE 9 .7 Mean Texture Depth and Initial Skid Number of Concret e
Pavements with Different Finishing Method s

Initial skid number (SN )

Method of Mean texture Minimum Maximum Mean
finishing depth (in .)

Burlap drag 0 .019 38 64 5 2
Paving broom 0 .031 46 72 58
Wire broom 0 .042 51 72 6 1
Fluted float 0 .045 40 72 6 1

Note . 1 in. = 25 .4 mm.

Source . After NCHRP (1972) .

Concrete Pavements For concrete pavements, surface modification can involv e

roughing, acid etching, grooving, or bonding a thin layer of aggregate :

1. Concrete surfaces may be roughened by mechanical means to improve their ski d

resistance . Steel shots and hand-operated machines have been used to cut int o

the pavement surface with varying degrees of success. The success of these meth-

ods depends on a number of variables, such as the hardness of the cement morta r

and the type of aggregate in the concrete .

2. Concrete surfaces can also be roughened by acid etching . The chemicals most fre-
quently used are concentrated hydrochloric or hydrofluoric acids that are diluted

with water at the time of application . After the acid has reacted with the mineral s
of the aggregates and with the cement, the residue is flushed and an improve d

surface texture is obtained .

3. Grooving is the process of cutting shallow, narrow channels on the concrete sur-
face by using a series of rotating diamond saw blades . It is used most often at lo -

cations where hydroplaning or wet pavement accidents are a problem . Although

longitudinal grooving does not improve the drainage in the transverse direction ,
it is generally preferred over transverse grooving because the longitudinal groov -
ing can be produced faster and the process does not require the closing of adja-
cent lanes.

4. Bonding a thin layer of aggregate to the surface is another method for improvin g

skid resistance . The bonding medium may be an epoxy resin that is applied to th e

surface after it has been cleaned . The aggregate to be bonded should be extreme -
ly hard, highly angular, and free of fine material . Crushed quartz sand, synthetic
aggregate, or slag can be used .

Bituminous Pavements The modification of bituminous surfaces to correct lo w
skid resistance can be accomplished by grooving, by surface treatment or thin overlay ,

or by heater planer :

1. Grooving techniques for asphalt pavements are similar to those for concret e
pavements. However, if the asphalt content is high and the weather is hot ,
grooves in asphalt pavements could flow together and lose their effectiveness .
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2. Some types of surface treatment or thin overlay, such as the open-graded frictio n
course, are specially designed to reduce hydroplaning and wet weather accidents .
This can be achieved through careful selection of aggregate types and gradatio n
and by improving the transverse slope to facilitate drainage .

3. A heater planer can be used to correct a surface with low skid resistance due to
bleeding of the bituminous binder. The equipment consists essentially of a unit t o
heat the pavement surface and then remove the excess material by cutting o r
"planning" it away. After planing, stone chips or sand is spread and rolled into the
surface while it is still hot . This method is most effective and economical in cor -
recting isolated spots of bleeding, such as at high-volume intersections .

9.4

	

NONDESTRUCTIVE DEFLECTION TESTING

Deflection measurements have long been used to evaluate the structural capacity of in
situ pavements. They can be used to backcalculate the elastic moduli of various pave -
ment components, evaluate the load transfer efficiency across joints and cracks in con -
crete pavements, and determine the location and extent of voids under concrete slabs .
Many devices are being used to perform nondestructive testing (NDT) on pavements .
However, only the devices that measure deflections are discussed . Other nondestruc-
tive testing involving the use of wave propagation, impact hammer, ground-penetratin g
radar, and impedance devices are not presented .

9 .4.1 Type of NDT Equipment

Based on the type of loading applied to the pavement, NDT deflection testing can be
divided into three categories : static or slowly moving loads, steady-state vibration, and
impulse loads.

Static or Slowly Moving Loads The Benkelman beam, California traveling deflec-
tometer, and LaCroix deflectometer are the best known devices in this category .

The Benkelman beam, which was developed by A. C. Benkelman during the
WASHO Road Test, is perhaps the best-known deflection measuring device in the
world . It consists essentially of a measurement probe hinged to a reference beam sup -
ported on three legs, as shown in Figure 9 .36 . The deflection at one end of the probe is
measured by a dial placed at the other end . The probe is placed between the rear dual
tires of a loaded truck, normally with an 18-kip (80-kN) single-axle load, and the re -
bound deflection of the probe is measured after the truck is slowly driven away. By
taking several dial readings as the tire passes a series of designated points at differen t
distances from the probe, it is possible to measure the deflection basin by using th e
principle of reciprocal displacement . The test is easy to operate but is very slow . The
beam finds limited use on stiff pavements when the legs of the reference beam ar e
located within the influence of the deflection basin .

The traveling deflectometer, developed by the California Division of Highways ,
is used to measure deflections while a truck, generally with an 18-kip (80-kN) rear axle ,
is moving . The LaCroix deflectometer was developed in France and is used extensivel y
in Europe. Like the California deflectometer, the system measures deflections unde r
both rear wheels.
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FIGURE 9 .3 6
Benkelman beam (1 in. = 25 .4 mm) .

The most serious problem with these devices is the difficulty of obtaining an im-

movable reference for making deflection measurements . This makes the validity of thei r
use on stiff pavements questionable. They also suffer from the disadvantage that the sta-
tic or slowly moving loads do not represent the transient or impulse loads actually im-

posed on pavements. Therefore, they cannot be applied directly to any mechanisti c
method of pavement design and evaluation without extensive empirical correlations .

Steady-State Vibration Dynaflect and road rater are the best known devices in thi s

category. The deflections are generated by vibratory devices that impose a sinusoida l
dynamic force over a static force . The magnitude of the peak-to-peak dynamic force i s
less than twice that of the static force, so the vibratory device always applies a com-
pressive force of varying magnitude on the pavement . The deflections are measured b y

accelerators or velocity sensors. These sensors are placed directly under the center of
the load and at specified distances from the center, usually at 1-ft (0 .3-m) intervals .

One advantage of this type of equipment over the static equipment is that a ref-
erence point is not required . An inertial reference is used so that the change in deflec -

tion can be compared to the magnitude of the dynamic force . The disadvantages of the
method are that the actual loads applied to pavements are not in the form of steady -
state vibration and that the use of relatively large static load could have some effect o n
the behaviors of stress sensitive materials .

Dynaflect Dynaflect was one of the first commercially available steady-stat e

dynamic devices. It is trailer mounted and can be towed by a standard vehicle . A static

weight of 2000 to 2100 lb (8 .9 to 9 .3 kN) is applied to the pavement through a pair of

rigid steel wheels. A dynamic force generator is used to produce a 1000-lb (4 .45-kN )

peak-to-peak force at a frequency of 8 cycles per second . The dynamic force is super -
imposed on the static force, and the deflections due to the dynamic force are measure d

by five transducers.
The normal sequence of operations is to move the device to the test location an d

hydraulically lower the loading wheels and transducers to the pavement surface . A tes t
is then conducted and the data are recorded . If the next test site is nearby, the devic e
can be moved on the loading wheels at speeds up to 6 mph (9 .6 km/h) . After the last
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test is completed, the loading wheels and transducers are hydraulically lifted an d
locked in a secure position . The fixed magnitude and frequency of the loading are th e
major limitations of the device.

Road Rater Road raters are commercially available in several models. The
models vary primarily in the magnitude of the loads, with the static loads ranging fro m
2400 to 5800 lb (10 .7 to 25.8 kN) and the peak-to-peak dynamic loads ranging
from 500 to 8000 lb (2 .2 to 35 .6 kN) . The loading frequency can be varied continuousl y
from 5 to 70 cycles per second . Four sensors are used to measure the deflection basin .
Earlier versions of the light model were mounted on vehicles ; later versions are all
trailer mounted .

In normal operation, the device is moved to the test location and the loadin g
plate and deflection sensors are lowered to the pavement surface . After completing the
test at selected loads and frequencies, the loading plate and sensors are lifted from th e
surface, and the device is ready to move to the next test location . The major limitations
of this equipment include the small levels of load for the lighter models and the nee d
for a heavy static load for the heavier models .

Rolling Dynamic Deflectometer The rolling dynamic deflectometer (RDD) i s
a relatively new tool for assessing the conditions of pavement (Bay et al., 1999, 2000) .
Continuous deflection profiles, rather than deflections at discrete points, are measure d
with the RDD. The use of continuous profiles allows sections of pavement exhibitin g
large or anomalous deflections to be quickly and easily identified . Critical regions of
pavement identified with the RDD for possible rehabilitation can be studied furthe r
via traditional discrete testing methods .

The RDD is a truck-mounted device consisting of a servohydraulic loading sys-
tem and force and deflection measurement systems . The hydraulic actuator drives a
7500-lb (3400-kg) mass up and down, generating vertical dynamic forces up to 69 .4 kips
(308 kN) peak to peak, at frequencies from 5 to 100 Hz . The dynamic forces are applie d
to two loading rollers held in contact with the pavement by a static hold-down force .
The combined static and dynamic forces applied to the pavement are measured wit h
four load cells. Testing is performed by applying a sinusoidal dynamic force to th e
pavement while the RDD slowly drives along the pavement . Testing speeds of 0 .6 to
1 .5 ft/s (0 .2 to 0 .5 m/s) are typically used .

Impulse Loads All devices that deliver a transient force impulse to the pavement sur -
face, such as the various types of falling weight deflectometers (FWD), are included in
this category. By varying the amount of weight and the height of drop, different im-
pulse forces can be generated . The normal operation is to move the trailer-mounte d
device to the test location, lower the loading plate and transducers hydraulically to th e
pavement surface, complete the test sequence by dropping the weight at each heigh t
selected, lift the loading plate and sensors, and tow the device to the next site . The
major advantages of the impulse loading device are the ability to model a movin g
wheel load accurately in both magnitude and duration and the use of a relatively smal l
static load compared with impulse loading . Three types of FWD are currently commer-
cially available : Dynatest, KUAB, and Phoenix .
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Dynatest Falling Weight Deflectometer The most widely used FWD in th e
United States is the Dynatest Model 8000 FWD system . The impulse force is created
by dropping a weight of 110, 220, 440, or 660 lb (50, 100, 200, or 300 kg) from a height o f
0 .8 to 15 in . (20 to 381 mm) . By varying the drop height and weight, a peak force rang -
ing from 1500 to 24,000 lb (6 .7 to 107 kN) can be generated . The load is transmitted to
the pavement through a loading plate, 11 .8 in . (300 mm) in diameter, to provide a loa d
pulse in the form of a half sine wave with a duration from 25 to 30 ms . The magnitud e
of load is measured by a load cell .

Deflections are measured by seven velocity transducers mounted on a bar tha t
can be lowered automatically to the pavement surface with the loading plate . One of
the transducers is located at the center of the plate, while the remaining six can b e
placed at locations up to 7 .4 ft (2 .25 m) from the center. The Dynatest FWD is also
equipped with a microprocessor-based control console that can fit on the passenge r
side of the front seat of a standard automobile .

KUAB Falling Weight Deflectometer The impulse force is created by droppin g
a set of two weights from different heights. By varying the drop height and weights, an
impulse force ranging from 2698 to 35,000 lb (12 to 156 kN) can be generated . The load
is transferred through a loading plate, 11 .8 in . (300 mm) in diameter . A two-mass fallin g
weight system is used to create a smoother rise of the force pulse on pavements with
both stiff and soft subgrade support . Deflections are measured by five transducers .

Phoenix Falling Weight Deflectometer The Phoenix FWD is an earlier version o f
deflectometers now commercially available in Europe and in the United States . A single
weight is dropped from different heights to develop impact loads from 2248 to 11,240 lb
(10 to 50 kN) . The load is transferred to the pavement through a plate, 11 .8 in. (300 mm )
in diameter . Deflections are measured by three transducers, one at the center of the load -
ing plate and the others at 11 .8 and 29 .5 in . (300 and 750 mm) from the center .

9 .4.2 Factors Influencing Deflections

The major factors that influence deflections include loading, climate, and pavement con-

ditions. These factors must be carefully considered when conducting nondestructive tests.

Loading The magnitude and duration of loading have a great influence on pavemen t
deflections. It is desirable that the NDT device be able to apply a load to the pavement
similar to the actual design load (e.g., a 9000-lb (40-kN) wheel load) . Unfortunately, not
every commercially available NDT device is capable of simulating the design load . Some
can simulate the magnitude of the design load but not its duration or frequency . It is gen -
erally agreed that the falling weight deflectometer is the best NDT device developed s o
far to simulate the magnitude and duration of actual moving loads (Lytton, 1989) .

The nonlinear, or stress-sensitive, properties of most paving materials make
pavement deflections fail to be proportional to load . Test results obtained for light
loads must be extrapolated to those for heavy loads . Because extrapolation often leads
to a significant error, the use of NDT devices that produce loads approximating thos e
of heavy truck loads is strongly recommended .
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Several agencies have developed correlations or regression equations relatin g
the deflection under the lighter load of one device to that under the heavier load of an -
other device. However, great caution should be exercised in applying these correla-
tions, because the data from which these relationships were developed usually contain
a large amount of scatter and a large error is always possible . Furthermore, the corre-
lations for one type of pavement structure might not be applicable to a different struc -
ture. Even for the same pavement structure, considerable variation has been found
between correlations developed by different agencies, due to differences in construc-
tion practice and to environmental conditions.

Climate Temperature and moisture are the two climatic factors that affect pavemen t
deflections. For asphalt pavements, higher temperatures cause the asphalt binder t o
soften and increase deflections. For concrete pavements, temperature in the form o f
overall change or thermal gradient has a significant influence on the deflections nea r
joints and cracks. The slab expands in warmer temperatures, causing tighter joints an d
cracks and resulting in greater efficiency of load transfer and smaller deflections. The
curling of slab due to temperature gradients can cause a large variation in measure d
deflections . Measurements taken at night or early morning, when the top of slab i s
colder than the bottom, will result in higher corner and edge deflections than thos e
taken in the afternoon, when the top of slab is much warmer than the bottom .

The season of the year has a great effect on deflection measurements . In cold re -
gions, four distinct periods can be distinguished . The period of deep frost occurs during
the winter season when the pavement is the strongest . The period of spring thaw starts
when the frost begins to disappear from the pavement system and the deflection in -
creases greatly. The period of rapid strength recovery takes place in early summer ,
when the excess free water from the melting frost leaves the pavement system and th e
deflection decreases rapidly. The period of slow strength recovery extends from lat e
summer to fall when the deflection levels off slowly as the water content slowly de -
creases. For pavements in areas that do not experience freeze—thaw, the deflection gen -
erally follows a sine curve, with the peak deflection occurring in the wet season whe n
the moisture content is high . In relatively dry areas, the period of maximum deflectio n
could occur in the summer, when the asphalt surface softens due to the intense solar ra -
diation (Poeh1,1971) .

To compare and interpret deflection measurements, the time of the day and th e
season of the year when the measurements are made must be considered . Generally,
deflection measurements are corrected to a standard temperature, say, 70°F (21°C) and
to a critical period condition based on locally developed procedures .

Pavement Conditions Pavement conditions have significant effects on measured de-
flections. For asphalt pavements, deflections obtained in areas with cracking and rutting
are normally higher than those in areas free of distress. For concrete pavements, voids
beneath concrete slabs will cause increased deflections, and the absence or deteriora-
tion of load transfer devices will affect the deflections measured on both sides of the
joint . Deflections taken near or over a culvert could be much higher, and pavements in
cut or fill sections sometimes show significantly different deflections . These conditions
must be carefully considered when one is selecting test locations .
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9.4.3 Backcalculation of Modul i
One of the most useful applications of NDT testing is to backcalculate the moduli o f

pavement components, including the subgrade . The basic procedure is to measure th e
deflection basin and vary the set of moduli until a best match between the compute d
and measured deflections is obtained . A layer system program similar to KENLAYE R
can be used for computing the deflections of flexible pavement, and a finite elemen t
program similar to KENSLABS can be used for rigid pavements . If the load is applied
in the interior of a slab on a solid or layer foundation, the layer system program ca n
also be used for rigid pavements .

A variety of methods based on layer system programs have been used to back-
calculate layer moduli . Unfortunately, none of the methods currently available is guaran -
teed to give reasonable modulus values for every deflection basin measured . It was
reported that two agencies using the same computer program derived very different back -
calculated results for the same pavement cross sections (Lytton and Chou, 1988) . This is es -
pecially true for thin layers, because the deflection basin is insensitive to their moduli, and
a good match between computed and measured deflections can be obtained even if totall y
unreasonable moduli are derived for these thin layers . Because engineering judgments play
an important role in such situations, Chou et al. (1989) developed an expert system to serv e
as an intelligent preprocessor and postprocessor to the backcalculation program .

The Transportation Research Board (1992) conducted a symposium on "Capabil-
ities and Limitations of Nondestructive Deflection Testing (NDT) and Backcalculation
for Estimating Stiffness of Paving Materials" in August 1991 . As part of that sympo-
sium, a workshop was held to reach consensus on current capabilities and limitation s
and on directions to pursue for improvements . Other than listing a number of limita-
tions, it was reported that pavements suffered from too much variability, both in spac e
and over time, and that we might need to lower our expectations for the technolog y
and not expect more than it was able to provide .

Ullidtz and Coetzee (1995) presented an overview of typical procedures currentl y
used for pavement evaluation, focusing primarily on backcalculation . There are more
than 30 backcalculation softwares in use, mostly based on the multilayer elastic theory,
and many new softwares continue to appear having little to differentiate from existin g
ones other than a name . Some of the more typical problems encountered in backcalcu -
lation including the fundamental theoretical assumptions of static loading, materia l
continuity, homogeneity, and elastic behavior were also discussed .

Manual Method Figure 9 .37 shows a three-layer system with the surface deflections
measured by sensors at five locations . It is arbitrarily assumed that the load is distrib-
uted through the various layers according to the broken lines . Because sensors 4 and 5
are outside the stress zone of the HMA and granular base, the deflections at sensors 4

and 5 depend on the modulus of subgrade only and are independent of the moduli o f
HMA and granular base . Therefore, in applying the layer system program, any reason -
able moduli can be assumed for the HMA and granular base, and the modulus of th e
subgrade can be varied until a satisfactory match between the computed and measure d
deflections at sensors 4 and 5 is obtained . The deflection at sensor 3 depends on the modul i
of the granular base and the subgrade, independent of the modulus of the HMA .
Because the modulus of the subgrade has been determined previously, the modulus of
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Hot Mix Asphalt

FIGURE 9 .3 7
Stress zone within pavement structure .

the granular base can be varied until a satisfactory match between the computed an d
measured deflection at sensor 3 is obtained . The same applies to sensors 1 and 2, and s o
the modulus of the HMA can be determined .

The preceding explanation on how the layer moduli affect surface deflections i s
overly simplified . In reality, the deflection at any given sensor is affected by the modul i
of all layers, each to a different degree . However, for a three-layer system, the follow-
ing general principle always applies : The deflections of the sensors far away from the
load are matched by adjusting the modulus of the bottom layer, those at intermediat e
distances from the load are matched by adjusting the modulus of the middle layer, an d
those near the load are matched by adjusting the modulus of the top layer .

The problem is more complicated if the granular base and the subgrade are nonlin -
ear. Theoretically, to match the deflection at a given sensor, the stress points for computin g
the elastic moduli of all nonlinear layers should be located directly beneath that sensor . The
use of different stress points for different sensors is not possible because the layer theory
employs only one stress point in each layer . The best approach is to assume an average
stress distribution, with the stress points shown by the smaller circles in Figure 9.37 .

MODULUS Program MODULUS is a microcomputer program for backcalculatin g
layer moduli (Uzan et al., 1988, 1989 ; Scullion et al., 1990) . It can be applied to a two- ,
three-, or four-layer system with or without a rigid bedrock layer . A linear elastic pro -
gram is used to generate a data base of deflection bowls by assuming different modu-
lus ratios . Once the data base is generated for a particular pavement, the linear elastic
program is not called again, no matter how many bowls are to be analyzed. In the case
of a four-layer system, the elastic layer program is automatically run at least 27 time s
(3 surface X 3 base X 3 subbase modulus ratios) . A pattern search routine is used t o
fit measured and calculated bowls .

The objective function to be minimized can be expressed a s
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in which E2 is the squared error, wm is the measured deflection, w e is the computed de-
flection, and i is a sensor number from 1 to s . The original equation contains a weight-
ing factor for each sensor i . Because the same weighting factors are usually used, the y
are not shown in Eq. 9 .35 . Much as in Eq. 2 .14, the computed deflection can be expresse d
as a function of modulus ratios :

qa
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E n _ 1
En fi~

E
En' En s . . ., En

In this equation, q is the contact pressure, a is the contact radius, and E is the elastic
modulus with a subscript indicating the layer number . The value of f i for sensor i can
be obtained from the layer system program and used as a data base . By assumin g
n — 1 modulus ratios, w i c can be obtained from Eq . 9 .36 and E2 from Eq. 9.35 . As in any
other backcalculation program, a set of seed moduli is required for the first trial . The
following procedure is used to determine the seed modulus of subgrade En . When En
and the modulus ratios are known, the modulus of each layer can be determined .

For a fixed set of modulus ratios, functions f i can be considered as constants . To
minimize the error, the value of En can be determined by taking the derivative of E 2

with respect to En and setting the result to zero :
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where the functions of f i are taken from the generated data base . The squared error e 2
is computed by using the subgrade modulus from Eq . 9 .39 and the modulus ratios of
the data base points . A pattern search routine is used to find the optimum set of mod -
ulus ratios so that a minimum e2 is obtained.

Example 9 .3 :

A pressure of 80 psi (552 kPa) is applied to a pavement surface through a circular area 6 in . (152
mm) in radius . The measured deflections w in' at seven sensor locations and the deflection func-
tions f i generated from the data base for given modulus ratios are shown in Table 9 .8 . Determin e
the seed modulus of the subgrade E„ and the squared error e` .

TABLE 9 .8

	

Deflection Data

Point no.

1 2 3 4 5 6 7

w, m (in .) 0.0441 0.0334 0 .0270 0 .0219 0 .0115 0.0085 0.004 1
f, 0.39156 0.33698 0 .29917 0 .19927 0 .10906 0.07094 0.05125
f/(fiw,m ) 22 .676 25.767 28 .298 23 .238 24 .220 21 .314 31 .92 4
w,`(in .) 0 .0388 0.0334 0 .0296 0 .0197 0 .0108 0 .0070 0.005 1
(w,m - wi ` )/w, m 0.12018 0.00000 -0.09630 0 .10046 0 .06087 0.17647 -0.24390

Note. 1 in. = 25 .4 mm .

Solution: Values of fil(f1wim ) are calculated and shown in Table 9 .8 . If the calculated and
measured deflections match exactly, then all points will have the same values of f it (f lwim ) . Th e
degree of their variation is an indication of the amount of error .

From Eq. 9 .39, E„ = 80 x 6 x 0 .39156 [(22 .676) 2 + (25 .767) 2 + (28 .298) 2 + (23 .238) 2 +
(24 .220) 2 + (21 .314) 2 + (31 .924)]/[22 .676 + 25 .767 + 28.298 + 23 .238 + 24 .220 + 21 .314 +
31 .924] = 4850 psi (33 .5 MPa) .

Values of wi ` can be determined from Eq . 9 .36 and are shown in Table 9 .8 . Also shown are
values of (win' — wi`)/w i m . From Eq. 9 .35, e2 _ (0 .12018) 2 + (—0 .09630) 2 + (0.10046) 2 +
(0 .06087) 2 + (0 .17647) 2 + (—0 .24390) 2 = 0.1282 .

WESDEF Program WESDEF (Van Cauwelaert et al., 1989) is the backcalculatio n
program developed by the U.S. Army Engineer Waterways Experiment Station
(WES) . The program is similar to the previous versions called CHVDEF (Bush, 1980) ,
which used the CHEV n-layer program as a subroutine, and BISDEF (Bush an d
Alexander, 1985), which used the BISAR n-layer program . However, a new, fast, five -
layer program called WESLEA is used in WESDEF to replace the BISAR program .

WESDEF contains a computer optimization routine to determine a set of modu -
lus values that provide the best fit between a measured deflection basin and the com -
puted deflection basin when given an initial estimate of the elastic modulus values an d
a limiting range of moduli . As in the collocation method described in Section 2 .3 .2, the
number of deflections on the basin must be greater than the number of layer moduli t o
be determined .
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FIGURE 9 .3 8
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A set of E values is assumed, and the deflection is computed to correspond to the
measured deflection. Each unknown E is varied individually, and a new set of deflec -
tions is computed for each variation . For each layer i and each sensor j, the intercep t
Aji and the slope Sp, as shown in Figure 9 .38, are determined . For multiple deflection s
and layers, the solution is obtained by developing a set of equations that define th e
slope and intercept for each deflection and each unknown modulus :

log(deflectioni) = Ap + Sp (log E1 )

	

(9 .40 )

Normally, three iterations of the program can produce a set of modulus value s
that yield a deflection basin within an accuracy of 3% . Iterations will cease when th e
absolute sum of the percent differences between computed and measured deflection s
or the predicted change in modulus values becomes less than 10% .

ILL-BACK Program In contrast to the optimization programs that require the inpu t
of seed moduli, ILL-BACK can determine the moduli of rigid pavements directly with -
out the use of a search routine (Ioannides et al., 1989) . The program can be applied to a
concrete slab on a liquid or solid foundation with a circular load at the interior . The de -
flections at four sensors with distances of 0, 12, 24, and 36 in . (0, 305, 610, and 914 mm )
from the center are measured, and the moduli of the slab and the foundation can b e
backcalculated .

For liquid foundations, Westergaard's equation for deflection at the center o f
loading was shown in Eq . 4 .21 and can be expressed as

_woke_ a
d0

	

P =f(I)

	

(9 .41 )

Relationship between deflection
Log Modulus

	

and modulus.
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in which do is the normalized deflection under the center of loading and f is a func-
tion of alt . For a given contact radius a, do is a function of the radius of relative stiff-
ness f only. Similar equations can be obtained for sensor i at a given distance fro m
the center :

wi kf' 2
d i = P = fi(f)

Here, i can be 0, 1, 2, or 3 . For a given f, the normalized deflection d i can be determine d
from theory. If the deflection wi at any sensor i is measured, the modulus of subgrade
reaction k can be computed by Eq . 9 .42 . Now the crucial question is how to determin e
f. Once ' is known, the deflection measured by any one of the sensors can be used to
determine k . A comparison of these k values can provide an evaluation of the agree-
ment between theory and field measurements.

If two deflections, wo and w 1 , are measured, then, from Eq . 9 .42,

do =
woke2

(9 .43a)
P

	

= fo(f )

di =
wi k

(9 .43b)
P

	

= fl( f )

Dividing Eq . 9 .43b by 9 .43a gives

w i

wo
=

fa
= f(f ) (9 .44 )

di

do

Equation 9 .44 indicates that f can be determined from the deflection ratio, w i /wo .
If four sensors are used, it is more reliable to use the average deflection of all four
sensors, as indicated by the area of the deflection basin :

AREA =6[1+2(wo)+2('wo)+(w')] (9 .45 )

Note that Eq . 9 .45 is based on a sensor spacing of 12 in . (305 mm) and the unit of
AREA is in inches.

Figure 9 .39 shows the relationship between AREA and f for both liquid an d
solid foundations, as obtained from theory . The solid curves are based on a circula r
load with a radius of 5 .9 in . (150 mm), the broken curves on a concentrated load with a
radius of zero. It can be seen that the effect of radius on the AREA versus e relation-
ship is not very significant .

After f is determined from Figure 9 .39, the normalized deflection d i can be de-
termined from Figure 9 .40 for liquid foundations and Figure 9 .41 for solid foundations .
For liquid foundations, k can be determined from Eq. 9 .42 :

Pd ,
k=

f2 wi

(9 .42)

(9 .46 )
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Radius of Relative Stiffness for Solid Foundation (in . )

FIGURE 9 .4 1
Relationship between normalized deflections and f for solid foundations (1 in . = 25 .4 mm) .
(After Ioannides et al. (1989) )

It can be shown that E f for solid foundation can be determined from (Ioannides, 1990 )

2(1 — vf)Pd ,
Ef =

	

(9 .47)

The radius of relative stiffness for liquid foundation is defined by Eq . 4 .10, that
for solid foundation by Eq . 5 .38 . These equations can be used to compute the elasti c
modulus of concrete E, if the slab thickness h is known, or vice versa .

The elastic modulus of concrete E, for liquid foundations can be computed fro m
Eq. 4 .10 :

12(1 — vDkf'a
(9 .48)Ec =

	

h 3

For solid foundations, from Eq . 5 .38,

(9 .49)
6(1 — vDE fP 3

E~=
( 1_vf) h3

The procedure for backcalculating the moduli of concrete and foundation can be
summarized as follows :

1. Measure deflections, wo, w 1 , w2, and w 3 .

2. Compute AREA by Eq . 9 .45 .
3. Determine f from Figure 9 .39 .
4. For liquid foundations, determine the normalized deflection from Figure 9 .40 and

compute k by Eq. 9 .46 . Four k values, one for each sensor, are obtained and their
average is taken. For solid foundations, determine the normalized deflection fro m
Figure 9 .41 and compute E f by Eq . 9 .47 . The average of the four values is taken as E f .

5. Based on the average k or E f , compute E, by Eq. 9 .48 or 9 .49 .
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Example 9 .4:

An FWD test was conducted on a 10-in . (254-mm) concrete pavement. The radius of the loade d
plate is 5 .9 in . (300 mm) and the recorded load is 7792 lb (34 .7 kN) . Sensors were located at 0, 12 ,
24, and 36 in. (0, 305, 610, and 914 mm) and the corresponding deflections recorded are 0 .0030 ,
0.0028, 0 .0024, and 0 .0021 in . (0.076, 0 .071, 0 .061, and 0.053 mm) . It is assumed that the concrete
has a Poisson ratio of 0 .15 . (a) If the subgrade is considered as a liquid foundation, determine k
and E,. (b) If the subgrade is considered as a solid foundation with a Poisson ratio of 0 .45, determine
E f and E c .

Solution: From Eq. 9 .45, AREA = 6[1 + 2(2 .8/3) + 2(2 .4/3) + 2 .1/3] = 31 .0 in . (787 mm) .
From Figure 9.39, f = 39 in. (991 mm) for liquid foundation and 28 in. (711 mm) for solid foun -
dation .

(a) For a liquid foundation, from Figure 9 .40, do = 0 .123, d i = 0 .115, d2 = 0.102, an d
d 3 = 0 .085 . From Eq. 9 .46 and based on wo and do, k = 7792 X 0 .123/[(39 ) 2 X 0.0030] = 210 pci
(57 .0 MN/ m3 ) . The k values based on the other three sensors are 210, 218, and 207 pci (57 .0, 59 .1 ,
and 56 .2 MN/m3 ) . The mean of the four k values is 211 pci (57 .3 kN/m3 ) . From Eq . 9 .48, E, =
12[1 — (0 .15) 2] x 211 x (39) 4 /(10) 3 = 5 .7 x 106 psi (39 .3 GPa) .

(b) For a solid foundation, from Figure 9 .41, do = 0.188, di = 0 .174, d 2 = 0 .152, an d
d 3 = 0 .128 . From Eq . 9 .47 and based on wo and do, Ef = 2[1 — (0 .45 ) 2] x 7792 x 0 .188/(28 x
0 .0030) = 27,816 psi (192 MPa) . Values of Ef based on the other three sensors are 27,583, 28,111 ,
and 27,055 psi (190, 194, and 187 MPa) . The mean Ef is 27,641 psi (191 MPa) . From Eq. 9 .49 ,
E~ = 6 X [1 — (0 .15) 2 ] x 27,641 X (28) 3/{[1 — (0.45) 2] x (10) 3 } = 4 .5 x 10 6 psi . Because of
the incompatibility between liquid and solid foundations, it is to be expected that the elasti c
modulus of concrete based on a solid foundation is somewhat different from that based on a
liquid foundation.

Multidepth Deflectometer System The multidepth deflectometer (MDD) was devel-
oped by the National Institute for Transport and Road Research (NITRR) in South
Africa and can be used to backcalculate layer moduli (Basson et a1.,1981 ; DeBeer et al. ,

1989 ; Yazdani and Scullion, 1990) . The system consists of a number of LVDT module s
installed vertically at various depths in the pavement, usually at the interfaces of pave-
ment layers . A maximum of six MDD modules may be placed in a single 1 .5-in . -
(38-mm)-diameter hole . The modules are clamped against the sides of the hole and th e
center core is attached to an anchor located approximately 7 ft (2.1 m) below the pave-
ment surface. The MDD can measure either the relative elastic deformation or th e
total permanent deformation of each layer in the pavement system. By matching the
measured deflections against those computed by the layer system program, the modu-
lus of each layer can be determined .

The use of MDD has an advantage over the use of a surface deflection basin
because the sensors are placed at locations closer to the load, which are the most criti-
cal areas for design considerations . If the impulse loading has the same magnitude a s
the design wheel load, the moduli thus determined represent the actual field condition s
and can be used directly with the linear elastic layer program, even when some of th e
materials are nonlinear . If the impulse loading is quite different from the design whee l
load or the design is based on various load groups with widely different loading magni-
tudes, then a nonlinear layer program, such as KENLAYER, can be used to adjust the
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nonlinear coefficients Ki until a satisfactory match between the measured and com-
puted deflections is obtained .

One disadvantage of using MDD is that a hole must be drilled in the pavement ,
so the test is actually a destructive test . The presence of the hole could change the
stress and deflection regimes around the MDD hole, and so the measured deflection s
might not be representative of the actual deflections when the hole is not present .

Laboratory versus Backcalculated Moduli Several investigators made comparisons
between laboratory and backcalculated moduli . Daleiden et al. (1994) analyzed roughly
700 experimental pavement sections from the Long Term Pavement Performance
(LTPP) program. The subgrade soil moduli were determined from three methods : lab -
oratory testing, backcalculation, and the equation in the 1986 AASHTO Guide . Unfor-
tunately, a well-defined relationship between laboratory and backcalculated modul i
could not be established . The same conclusions were presented by Akram et al. (1994)
and Nazarian et al. (1995) .

Mikhail et al. (1999) evaluated the laboratory and backcalculated resilient modul i
from the WesTrack experiment in Northern Nevada . The backcalculated resilient modu -
lus values were determined via the Washington State Department of Transportation' s
EVERCAL computer program (University of Washington, 1996) ; the FWD data was ob -
tained from WesTrack pavement sections at the onset of trucking loading . The laboratory-
based values use a combination of test results on remolded and recompacted WestTrac k
materials and the KENLAYER computer program to estimate the modulus under th e
state of stress created by the FWD during testing . As expected, they found significant dif -
ferences between resilient moduli determined from backcalculation and those obtaine d
through laboratory testing . They recommended that further improvements be required
in backcalculation procedures to address the problem of multiple solutions and the sen -
sitivity of the results to structural and environmentally related factors and that researc h
be required to close the gap between laboratory-based and backcalculated resilien t
moduli or to derive an appropriate correction factor .

9.5

	

PAVEMENT PERFORMANC E

The evaluation of pavement performance is an important part of pavement design, re -
habilitation, and management. It includes the evaluation of distress, roughness, friction ,
and structure, as described in Sections 9 .1 through 9 .4, and of traffic, materials, and
drainage. The latter three are presented in Chapters 6, 7, and 8 for pavement design
and can also be applied to pavement evaluation .

9 .5.1 Expert System s

Pavement evaluation and rehabilitation are not exact sciences ; they depend to a larg e
extent on past experiences and engineering judgments . They can be achieved by two
different types of knowledge : deterministic, and heuristic. Deterministic knowledge i s
that body of factual information that is widely accepted and can be obtained from text -
books or published literature . Heuristic knowledge is the subjective or private knowl-
edge possessed by each individual, which is largely characterized by beliefs, opinions,
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system. (Ritchie et al, (1986))

and rules of thumb. Organizing and preserving the wealth of heuristic problem-solvin g
knowledge forms the basis of a relatively new type of tool known as knowledge-base d
systems . These systems are computer programs in which heuristic knowledge is utilize d
to solve problems that are intractable under a purely deterministic approach. A subse t
of knowledge-based systems contains expert systems, which employ both the knowl-
edge and reasoning methods of human experts to solve difficult problems in a narrowl y
defined problem domain .

Figure 9 .42 shows the basic architecture of an expert system . The three main compo -
nents are the knowledge base, the inference engine, and the context . The knowledge base
contains all the empirical and factual information for the problem domain . The inference
engine searches through the knowledge base or the context to find a conclusion for eac h
subgoal and thus the entire problem . The context is the work space or short-term memor y
in which currently relevant facts and knowledge are placed successively by the inferenc e
engine. Finally, a user friendly interface contains an explanation module to explain the sys -
tem's problem-solving strategy to the user and a knowledge-acquisition module to help
experts articulate their knowledge in a form acceptable to the system's architecture .

SCEPTRE SCEPTRE is the acronym for Surface Condition Expert for Pavement
Rehabilitation. It was developed for use by the Washington Department of Trans-
portation to evaluate pavement surface distress and recommend feasible rehabilitatio n
strategies for detailed analysis and design (Ritchie et al., 1986) . Currently, it is applica -
ble only to flexible pavements .

The major task in building an expert system is to acquire and encode the exper-
tise and knowledge of experts into the knowledge base . The factual and empirica l
information in the knowledge base can be represented in various ways . The most com -
mon is through "IF THEN" statements ; for example, IF transverse cracking exists and
crack width is greater thane in . (3 .2 mm),THEN fill cracks .

General purpose program languages, such as LISP and PROLOG, can be used t o
build expert systems . However, a much faster route is to use one of several knowledge
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engineering tool kits, or shells, which comprise an inference engine, an empty knowl -
edge base, and context structure . The system developer simply has to enter the rule s
into the knowledge base . SCEPTRE utilized a shell named EXSYS (EXSYS, 1985) ,
which was developed for use with IBM personal computers and other compatibles. The
types of surface distress to be considered include longitudinal cracking in wheelpaths ,
alligator cracking in wheelpaths, block cracking, transverse and longitudinal crackin g
outside wheelpaths, and rutting .

The following is a list of the rehabilitation and maintenance strategies (RAMs )
from which a subset is drawn by SCEPTRE to form a feasible set for any particula r
combination of distress types :

1. Do nothing .
2. Fog seal .

3. Chip seal .

4. Double chip seal .

5. Thin HMA overlay, thickness 1 .2 in . (31 mm) .

6. Medium HMA overlay, 1 .2 in . (31 mm) < thickness < 3 in . (76 mm) .

7. Thick HMA overlay, thickness ? 3 in . (76 mm) .

8. Friction course.
9. Fill cracks.

10. Reconstruct .

11. Recycled HMA .

12. Level up, mill, and make medium HMA overlay, 1 .2 in . (31 mm) < thicknes s
< 3 in . (76 mm) .

13. Level up, mill, and make thick HMA overlay, thickness ? 3 in . (76 mm) .

EXPEAR EXPEAR (Expert System for Pavement Evaluation and Rehabilitation )
was developed by the University of Illinois for the Federal Highway Administration an d
the Illinois Department of Transportation (Hall et al., 1989) . It is an advisory program t o
assist practicing engineers in evaluating a specific pavement section and selecting reha -
bilitation alternatives. The evaluation part is an extension of COPES (Concrete Pave -
ment Evaluation System) developed earlier (Darter et al., 1985) . Currently, the progra m
can be used for only three types of rigid pavement : JPCP, JRCP, and CROP.

Project level evaluation using EXPEAR begins with the collection of some basic
design, construction, traffic, and climate data for the project in question, together wit h
a visual condition survey. Back in the office, the design and condition data are entere d
into EXPEAR by the engineer. The program extrapolates the overall condition of th e
project from the distress data for one or more sample units .

EXPEAR evaluates the project in several key problem areas related to specifi c
aspects of performance for that pavement type . For example, the problem areas for
JPCP and JRCP are structural adequacy, roughness, drainage, joint deterioration, foun -
dation movement, skid resistance, joint sealant condition, joint construction, concrete
durability, load transfer, loss of support, and shoulders. The evaluation is performed vi a
decision trees, which compare the pavement condition to predefined critical levels for



9 .5 Pavement Performance 42 7

key design and distress variables. EXPEAR produces a summary of the deficiencie s
found and, by interacting with the engineer, formulates a rehabilitation strategy that
will correct all the deficiencies. The major rehabilitation options are reconstruction o f
both lanes, reconstruction of the outer lane and restoration of the inner lane, bonded
or unbonded PCC overlay, HMA overlay, crack and seat and HMA overlay, and restora-
tion . Appropriate repair techniques for the shoulders, which are compatible with th e
rehabilitation strategy of mainline pavements, are also selected .

A large number of predictive models for concrete pavement performance wit h
and without rehabilitation are incorporated into EXPEAR . Some of the models wer e
developed from national data bases of new construction and rehabilitation projects ;
others were developed by using data from Illinois pavements . Some of these model s
are presented in Section 9 .5 .2 . The models allow the engineer to predict the perfor-
mance of the rehabilitation strategy developed. This information is then used, along
with rehabilitation unit cost, to compute the cost of the strategy over the predicted life .
EXPEAR produces a summary of the project's data file, the evaluation results, recom -
mendations for physical testing, predictions of the pavement's future condition withou t
rehabilitation, rehabilitation techniques, performance predictions, and cost estimate s
for as many rehabilitation strategies as the engineer wishes to investigate .

9.5 .2 Predictive Model s

Various equations, mostly based on regression analysis, were developed for predictin g
pavement performance . These equations illustrate the effect of various factors o n
pavement performance, but their usefulness in practice might be limited by the scop e
of the data base that was used in their development. Regression equations are vali d
only under certain conditions and should not be applied when the actual conditions ar e
different. Because the regression constants vary with the units used, all equations ar e
based on the U.S . customary unit, as specified for each variable .

Flexible Pavements The major failure modes for flexible pavements are fatigue
cracking, rutting, and low-temperature cracking .

Fatigue Cracking The equations used in PDMAP for predicting the allowabl e
number of load repetitions when crackings occur over 10 and 45% of the area in th e
wheelpath are (Finn et al., 1986 )

log Nf(10%) = 15.947 - 3 .291 log(e t /10-6) - 0.854 log(Ef/103 )

	

(9 .50a)

log Nf (45%) = 16.086 - 3 .291 log(et /10-6) - 0.854log(E f/103 )

	

(9 .50b)

in which Nf is the allowable number of repetitions for fatigue cracking, et is the hori -
zontal tensile strain at the bottom of asphalt layer in in ./in ., and El is the resilient mod -
ulus of asphalt layer in psi . Note that Eq . 9 .50b is the Asphalt Institute's criterio n
presented in a different form and that 45% of the area in the wheelpath is equivalen t
to about 20% of the total area .

and
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Example 9 .5 :

An asphalt pavement, after being subjected to one million load repetitions at a strain level o f
10 4 , has experienced fatigue cracking over 10% of the area in the wheelpath . At the same strain
level, what will be the number of load repetitions when cracking occurs over 45% of the area i n
the wheelpath? What should be the strain level to cause 45% cracking in the wheelpath after on e
million repetitions ?

Solution: Subtracting Eq . 9 .50a from Eq. 9 .50b gives log[Nf(45%)] - log[Nf (10%)] =
16 .086 - 15.947 = 0 .139, or log[N f(45%)] = 0 .139 + log(10 6 ) = 6 .139 . Therefore, Nf (45%) =
1 .38 x 1 06 , or the number of repetitions increases by 38% when the percentage of area cracke d
increases from 10 to 45% .

For the same number of repetitions at one million and subtracting Eq . 9 .50a from Eq. 9 .50b ,
0 = 0 .139 - 3 .291log[€t (45%)/e r(10%)], or e t(45%) = 1 .102€,(10%) = 1 .102 X 10-4 . There-
fore, a 10% increase in strain causes an increase in area cracked from 10 to 45% .

Rutting In PDMAP, for conventional construction with HMA less than 6 in . ,

log RR = -5 .617 + 4 .343 log wo - 0 .167 log(N 18) - 1 .118 log o

	

(9 .51a)

For full-depth construction with HMA equal to or greater than 6 in . ,

log RR = -1 .173 + 0 .717 log w0 - 0.658 log(N18 ) + 0 .666 log c r ,

in which RR is the rate of rutting in microinches (1 in . = 10-6 in.) per axle load rep-
etition, w 0 is the surface deflection in mil (1 mil = 10 -3 in.), a, is the vertical compres-
sive stress under HMA in psi, and N 18 is the equivalent 18-kip (80-kN) single-axle loa d
in 10 5 . For full-depth predictions, all traffic during frozen periods is neglected .

Example 9 .6 :

A full-depth asphalt pavement was constructed on a subgrade with a resilient modulus of 10,00 0
psi (69 MPa) . The asphalt layer is 8 in . (203 mm) thick with a resilient modulus of 500,000 ps i
(3 .45 GPa) . Assuming that both HMA and subgrade are incompressible with a Poisson ratio o f
0 .5, estimate the rut depth after 1 million applications of a 9000-lb (40-kN) wheel load at contact
pressure equal to 80 psi (552 kPa) .

Solution : Contact radius a = V/9000/(807r) = 6 in . (152 mm) . With h/a = = 1.33 and
E l/E2 = 500,000/10,000 = 50, from Figure 2 .17, F, = 0 .24, or wo = 1 .5 X 80 x 6 x 0 .24 /
10,000 = 0 .0173 in . (0 .44 mm) . With a/h = 0.75 and EVE, = 50, from Figure 2.15, a-clq = 0 .075 ,
or o, = 80 x 0 .075 = 6 psi (41 kPa) . From Eq. 9 .51b, log RR = -1 .173 + 0 .717 log(17 .3) --
0.658 log(10) + 0 .666 log(6) = -0.425, or RR = 0 .376 On. per one repetition. For one million
repetitions, rut depth = 0 .376 x 10 -6 x 106 = 0 .376 in .

Low-Temperature Cracking The cracking index due to low-temperature crack-
ing can be computed by (Hajek and Haas, 1972 )

101 = 2.497 x 1030 x (0 .1Seit)(6 .7966-0.8740h+1 .338'a) x (7 .054 x 10 3 ) a

x (3 .193 x 10-13 ) (01m) x d(° °6°26sei,)

	

(9 .52a)



or
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I = 30.3974 + (6 .7966 — 0 .8741h + 1 .3388a) log(O .lSbit )

— 2 .1516d — 1 .2496m + 0.06026Sbit log d

	

(9 .52b)

in which

I = cracking index ( ? 0) in terms of the number of full cracks plus one half o f
the half-transverse cracks per 500-ft section of two-lane road; cracks short-
er than half-width are not due to low-temperature cracking and are not
considered in the regression equation ;

Sbit = stiffness modulus of the original asphalt in kg/cm 2, as determined from
Van der Poel nomograph shown in Figure 7.20, using a loading time o f
20,000 s and the winter design temperature ; however, values of PI an d

TR& B or bitumen should be determined from penetration at 77°F (25°C)
and kinematic viscosity at 275°F (135°C) as suggested by McLeod (1970) ;

h = total thickness of asphalt layer in inches ;
a = pavement age in years ;

m = winter design temperature in —°C, neglect the negative sign and use posi-
tive value only;

d = subgrade type in terms of a dimensionless code with 5 for sand, 3 for loam ,
and 2 for clay.

Example 9 .7 :

Given thickness of asphalt layer, 4 in . (102 mm) ; stiffness of original asphalt cement, 205 kg/cm 2;
winter design temperature, -27°C; and sand subgrade . Determine the cracking index I at 5 and
10 years after construction .

Solution: With h = 4 in . (102 mm), a = 5 years, Sb ,t = 205 kg/cm2 , d = 5, and m = 27°C ,
from Eq. 9 .52b, I = 30.3974 + (6 .7966 — 0.8740 X 4 + 1 .3388 X 5) X log(20 .5) — 2 .1516 x
5 — 1 .2496 X 27 + 0 .06026 x 205 x log 5 = 7 .6 . When a = 10 years, from Eq . 9 .52b, I = 16 .4 .

Rigid Pavements A large number of models or regression equations have been devel-
oped for predicting pumping, joint faulting, joint deterioration, cracking, and present ser -
viceability rating of both jointed plain concrete pavements (JPCP) and jointed reinforce d
concrete pavements (JRCP) . These equations can be developed by using a combination of
multiple linear regression and nonlinear regression techniques included in the SPSS sta -
tistical package (Nie et al., 1975) . Multiple linear regression is used to determine which in -
dependent variables are significant. Nonlinear regression is then used to compute th e
coefficients and exponents for the final predictive equation . Various forms of equations
can be obtained, depending on the extent of the database . The presence or absence of cer -
tain variables in the data base will have a significant effect on the equation obtained .

Notable examples of regression models are the AASHTO design equation (AASH-
TO, 1986), the PEARDARP models (Purdue Economic Analysis of Rehabilitation an d
Design Alternative for Rigid Pavements, van Wiji, 1985), and the COPES models (Con-
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crete Pavement Evaluation System, Darter et al., 1985) . The COPES models were also in -
corporated in the EXPEAR system, as described in Section 9 .5 .1, to formulate rehabilita -
tion strategies (Hall et al., 1989) . A recent review of these models by ERES Consultants,
Inc. (Smith et al ., 1990a) indicated that, when they were applied to 95 pavement sections lo -
cated in four major climate zones, none could adequately predict the distress (such as fault -
ing, cracking, joint deterioration, and pumping), serviceability, or roughness . From these 95
sections and the more than 400 sections from the COPES data base, new prediction mod -
els were developed and are presented below . It should be emphasized that the models are
valid within the data base from which they were derived . There are many design, materials,
climate, and construction variables, so it is extremely difficult to develop nationwide mod -
els. Regional models or general models calibrated to each state could be required .

Present Serviceability Rating The best way to predict PSR for a given pave-
ment is by using roughness . However, to relate serviceability to physical deterioration ,
which may be modeled mechanistically, a PSR model based on key distress types is de-
sirable . Models were developed for both JPCP and JRCP. Whereas all types of distres s
were initially included, only four were found significant .

For JPCP,

PSR = 4.356 – 0 .0182 TFAULT – 0 .00313 SPALL
– 0.00162 TCRKS – 0 .00317 FDR

	

(9 .53a)

R2 = 0.5 8

SEE = 0 .3 1

n = 282

PSR = present serviceability rating (from 0 to 5) ;

TFAULT = cumulative transverse joint faulting in inches per mile ;

SPALL = number of deteriorated joints (medium and high severity) per mile ;

TCRKS = number of transverse cracks (all severity) per mile ;

FDR = number of full-depth repair per mile ;

R = correlation coefficient ;
SEE = standard error of estimate ;

n = number of sample points .

For JRCP,

PSR = 4 .333 – 0 .0539 TFAULT – 0 .00372 SPALL
– 0 .00425 MHTCRKS – 0 .000531 FDR

	

(9 .53b)

Statistics :

	

R2 = 0.64

SEE = 0 .37

n = 434

in which MHTCRKS is the number of medium and high severity cracks per mile .

Statistics :

in which
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Transverse Joint Faulting Two models, one for pavements with dowels and the
other for pavements without dowels, were developed. Because of the mechanisms in-
volved in faulting, it was not possible to combine these two design types into a singl e
model . The models were developed using a combination of mechanistic and empirical
approaches.

With dowels ,

FAULT = ESAL°.5280 [0 .1204 + 0 .04048(BSTRESS/1000)° .3388 — 0 .00735 3

x (AVJSPACE/10)° .6725 — 0 .1492(KSTAT/100)° .°591 1

—0.01868 DRAIN — 0.00879 EDGESUP
—0.00959 STYPE] (9.54a)

Statistics :

	

R2 = 0.67

SEE = 0.0571 in .

n = 559

in which

FAULT mean transverse joint faulting in inches ;
ESAL cumulative equivalent 18-kip (80-KN) single-axle loads pe r

lane in millions ;
BSTRESS maximum concrete bearing stress in psi computed by Eq . 4 .45 ,

in which the load on each dowel Pt is computed by assuming
that the 9000-lb (40-kN) wheel load is distributed over a
length f, where f is the radius of relative stiffness, and tha t
45% of the load is transferred through the joint ;

AVJSPACE = average transverse joint spacing in ft ;
KSTAT = effective modulus of subgrade reaction on top of base in pci ;
DRAIN = index for drainage condition: 0 without edge drain, 1 with

edge drain ;
EDGESUP index for edge support: 0 without edge support, 1 with edge

support ;
STYPE index for AASHTO subgrade soil classification, 0 for A-4 t o

A-7 and 1 for A-1 to A-3 .

Without dowels ,

FAULT = ESAL0 .2500 [0 .000038 + 0.01830(100 OPENING) 0 .558 5

+ 0 .000619 x (100 DEFLAMI) 1 .7229 + 0.0400(FI/1000) 1 .984 °

+ 0 .00565 BTERM — 0 .00770 EDGESUP
—0.00263 STYPE — 0 .00891 DRAIN] (9.54b)

Statistics :

	

R2 = 0 .8 1

SEE = 0 .028 in .

n = 398
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in which

OPENING = average transverse joint opening in inches computed b y

Eq. 4 .36 in which temperature change AT is equal to one-hal f
of the annual temperature range ;

DEFLAMI = Ioannides' corner deflection in inches (Ioannides et al., 1985 )
= P[1.2 – 0 .88 -0, where P is the whee l
load and a is the contact radius ;

FI = freezing index in degree days ;
BTERM = base type factor, which can be computed by

BTERM = 10[ESALo .2o76 (0.04546 + 0 .05115 GB + 0 .007279 CTB

+ 0.003183 ATB — 0 .003714 OGB — 0.006441 LCB (9 .55)

in which GB = 1 for dense-graded aggregate base, 0 for others ; CTB = 1 for cement-
treated base, 0 for others ; ATB = 1 for dense-graded asphalt-treated base, 0 fo r
others ; OGB = 1 for open-graded base, either untreated or asphalt-treated, and 0 fo r
others ; and LCB = 1 for lean concrete base, 0 for others .

Transverse Joint Spatting Predictive models were developed separately for JPCP and
for JRCP. Extensive efforts to develop a single model for joint spalling were not success-
ful . One reason might be that most of the joint spalling for JPCP was of medium severity,
whereas a much greater proportion of joint spalling for JRCP was of high severity.

For JPCP,

JTSPALL = AGE 2 .178 [0 .0221 + 0 .5494 DCRACK — 0 .0135 LIQSEAL

— 0 .0419 PREFSEAL + 0 .0000362 FI

	

(9 .56a )

Statistics :

	

R2 = 0.59

SEE = 15 joints per mile

n = 262

in which

JTSPALL = number of medium-and high-severity joint spalls per mile ;
AGE = age since original construction in years ;

DCRACK = 0 with no "D" cracking, 1 with "D" cracking ;
LIQSEAL = 0 if no liquid sealant exists in joint, 1 if liquid sealant exist s

in joint ;
PREFSEAL = 0 if no preformed compression seal exists, 1 if preforme d

compression seal exists ;
FI = freezing index in degree days .

For JRCP,

JTSPALL = AGE 4 .1232 [0 .00024 + 0.0000269 DCRACK

+ 0.000307 REACTAGG — 0.000033 LIQSEA L

— 0.0003 PREFSEAL + 0 .00000014 FI]

	

(9 .56b)
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Statistics :

	

R 2 = 0.47

SEE = 13 joints per mil e

n = 280

in which REACTAGG = 0 if no reactive aggregate exists, 1 if reactive aggregat e
exists .

9.5.3 Effects of Design Features on Rigid Pavement Performanc e

The performance of rigid pavements is affected by a variety of design features, includ -
ing slab thickness, base type, joint spacing, reinforcement, joint orientation, load trans -
fer, dowel bar coatings, longitudinal joint design, joint sealant, tied concrete shoulders ,
and subdrainage . A study was made by ERES Consultants, Inc. under FHWA contrac t
on the effects of these features on rigid pavement performance . Ninety-five pavemen t
sections located in four major climatic regions were thoroughly evaluated . The follow -
ing conclusions, which provide some revealing insights into pavement performance, ar e
abstracted from the report (Smith et al., 1990a) .

Slab Thickness The effect of slab thickness on pavement performance was signifi-
cant. It was found that increasing slab thickness reduced transverse and longitudina l
cracking in all cases. This effect was much more pronounced for thinner slabs than fo r
thicker slabs . It was not possible to compare the performance of the thinner slabs and
the thicker slabs directly, because the thick slabs were all constructed directly on th e
subgrade and the thinner slabs were all constructed on a base course .

Increasing the thickness of slab did not appear to reduce joint spalling or join t
faulting . Thick slabs placed directly on the subgrade, especially in wet climates an d
exposed to heavy traffic, faulted as much as thin slabs constructed on a base course .

Base Type Base types, including base/slab interface friction, base stiffness, bas e
erodibility, and base permeability, seemed to have a great effect on the performance of
jointed concrete pavements . The major performance indicators, which were affected b y
variations in base type, were transverse and longitudinal cracking, joint spalling, an d
faulting .

The worst performing base type, consisted of the cement-treated or soil cemen t
bases, which tended to exhibit excessive pumping, faulting, and cracking. This is most
likely due to the impervious nature of the base, which traps moisture and yet can brea k
down and contribute to the movement of fines beneath the slab .

The use of lean concrete bases generally produced poor performance . Large curl -
ing and warping stresses have been associated with slabs constructed over lean con-
crete bases. These stresses result in considerable transverse and longitudinal crackin g
of the slab . The poor performance of these bases can also be attributed to a bathtub
design, in which moisture is trapped within the pavement cross section .

Dense-graded asphalt-treated base courses ranged in performance from very
poor to good. The fact that these types of bases were often constructed as a bathtub
design contributed to their poor performance . This improper design often resulted in
severe cracking, faulting, and pumping.
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The construction of thicker slabs directly on the subgrade with no base resulte d
in a pavement that performed marginally. These pavements were especially susceptibl e
to faulting, even under low traffic levels.

Pavements constructed over aggregate bases had varied performance, but wer e
generally in the fair to very good category. In general, the more open-graded the ag-
gregate, the better the performance . An advantage of aggregate bases is that they con -
tribute the least to the high curling and warping stresses in the slab . Even though
aggregate bases are not open-graded, they are more permeable and have a lower fric-
tion factor than stabilized bases .

The best bases in terms of pavement performance were the permeable bases . Typi -
cal base courses have permeabilities ranging from 0 to less than 1 ft/day (0 .3 m/day) ; good
permeable bases have permeabilities up to 1000 ft/day (305 m/day) . Specific areas of
concern were the high corner deflections and the low load transfer exhibited by the
permeable bases . These can affect their long-term performance, so the use of dowel
bars might be required . An unexpected benefit of using permeable bases was th e
reduction in "D" cracking on pavements susceptible to this type of distress .

Slab Length For JPCP, the length of slabs investigated ranged from 7 .75 to 30 ft (2 . 4
to 9 .1 m). It was found that reducing the slab length decreased both the magnitude o f
the joint faulting and the amount of transverse cracking. On pavements with random
joint spacings, slabs with joint spacings greater than 18 ft (5 .5 m) experienced more
transverse cracking than did the shorter slabs .

For JRCP, the length of slabs investigated ranged from 21 to 78 ft (6 .4 to 23 .9 m) .
Generally, shorter joint spacings performed better, as measured by the deteriorate d
transverse cracks, joint faulting, and joint spalling . However, several JRCP with long
joint spacings performed quite well . In particular, the long jointed pavements in Ne w
Jersey, which were constructed with expansion joints, displayed excellent performance .

An examination of the stiffness of foundation was made through the use of th e
radius of relative stiffness, f . Generally speaking, when the ratio L/E, where L is the
length of slab, was greater than 5, transverse cracking occurred more frequently . This
factor was further examined for different base types . It was found that stiffer bas e
courses required shorter joint spacings to reduce or eliminate transverse cracking .

Reinforcement The amount of steel reinforcement appeared to have an effect in con -
trolling the amount of deteriorated transverse cracking . Pavement sections with les s
than 0 .1% reinforcing steel often displayed significant deteriorated transverse crack-
ing. A minimum of 0 .1% reinforcing steel is therefore recommended, with larger
amounts required for more severe climate and longer slabs .

Joint Orientation Conventional wisdom has it that skewed joints prevent the appli-
cation of two wheel loads to the joint at the same time and thus can reduce load-associate d
distresses . The results from the limited sample size in this study were ambiguous, but al l
of the nondoweled sections with skewed joints had a lower PSR than similar designs
with perpendicular joints . The available data provide no definite conclusions on the
effectiveness of skewing transverse joints for nondoweled slabs . Skewed joints are not
believed to provide any benefit to doweled slabs .
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Load Transfer Dowel bars were found to be effective in reducing the amount of join t
faulting when compared with nondoweled sections of comparable designs. The diame -
ter of dowels had an effect on performance, because larger diameter bars provided bet -
ter load transfer and control of faulting under heavy traffic than did smaller dowels . I t
appeared that a minimum dowel diameter of 1 .25 in . (32 mm) was necessary to provid e
good performance .

Nondoweled JPCP slabs generally developed significant faulting, regardless o f
pavement design or climate . This effect was somewhat mitigated by the use of perme -
able bases. However, the sections in this group had a much lower number of accumu -
lated ESAL, so no definite conclusions can be drawn yet .

Dowel Bar Coatings Corrosion-resistant coatings are needed to protect dowels fro m
the adverse effects of moisture and deicing chemicals . While most of the sections in this
study did not contain corrosion-resistant dowel bars, those that did generally exhibite d
enhanced performance. Very little deteriorated transverse cracking was identified o n
these sections. In fact, one section in New Jersey with stainless steel-clad dowel bar s
was performing satisfactorily after 36 years of service .

Longitudinal Joint Design The longitudinal joint design was found to be a critical de -
sign element . Both inadequate forming techniques and insufficient depths of joint ca n
contribute to the development of longitudinal cracking . There was evidence of the ad -
vantage of sawing the joints over the use of inserts . The depth of longitudinal joints is
generally recommended to be one-third of the actual, not designed, slab thickness, but
might have to be greater when stabilized bases are used .

Joint Sealant Joint sealing appeared to have a beneficial effect on performance . Thi s
was particularly true in harsh climates with excessive amounts of moisture . Preformed
compression sealants were shown to perform well for more than 15 years under heav y
traffic . Except where "D" cracking occurred, pavement sections containing preformed
sealants generally exhibited little joint spalling and were in good overall conditions .
Rubberized asphalt joint sealants showed good performance for 5 to 7 years.

Tied Concrete Shoulders It is generally believed that tied concrete shoulders ca n
reduce edge stresses and corner deflections by providing more lateral supports to th e
mainline pavement, thus improving pavement performance . Surprisingly, this study
showed that, although tied concrete shoulders performed better than asphalt shoul-
ders, many of the tied shoulders were not designed properly and actually contribute d
to poor performance of the mainline pavement . The tiebars were spaced too far apart ,
sometimes at a spacing of 40 in . (1016 mm), and were not strategically located near slab
corners to provide adequate support . In some cases, tied concrete shoulders were con -
structed over a stabilized dense-graded base in a bathtub design, resulting in the poor
performance of mainline pavement.

Subdrainage The provision of positive subdrainage, either in the form of longitudinal
edge drains or the combination of a drainage layer and edge drains, generally reduce d
the amount of faulting and spalling related to "D" cracking . With few exceptions, the
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load-associated distresses, especially faulting and transverse cracking, decreased as th e
drainage characteristics improved . The overall pavement performance can be improved b y
using an open-graded base or restricting the percentage of fines . A filter layer must be
placed below the permeable base, and regular maintenance of the outlets must be provided .

SUMMARY

Pavement performance is an important factor of pavement design because it provides
a framework upon which a judgement on the success or failure of a design procedur e
or the need for further improvements can be made . This chapter discusses pavement
performance, including distress, serviceability, skid resistance, nondestructive testing ,
and pavement evaluation .

Important Points Discussed in Chapter 9

1. Distress or failure can be divided into structural failure, which is associated with
the ability of the pavement to carry the design load, and functional failure ,
which is concerned mainly with riding comfort and safety . Pavements that exhib-
it structural failures may finally end up in functional failure, whereas pavement s
with functional failures sometimes are structurally sound . Immediate attentio n
must be paid to correct any structural failure so that damage to the pavement
will not be accelerated .

2. Distress can be classified into load-associated distress and non-load-associate d
distress . This distinction is important because it identifies the causes of distress s o
that proper remedial measures can be taken . The non-load-associated distress is
caused by climates, materials, or construction . A distress may begin as a non-load -
associated distress and later become more severe as the number of load repeti-
tions increases .

3. The types of distress that should be considered in the design of asphalt pavemen t
are fatigue cracking, which is a load-associated structural failure, and rutting ,
which is a load-associated functional failure . In climates with large temperatur e
variations or very cold temperatures, low-temperature cracking, which is a non-
load-associated structural failure, should also be considered .

4. The most common problem with composite pavements is reflection cracking i n
the asphalt overlay above a joint or crack in the PCC slab. This is a non-load-
associated structural failure caused mainly by movement of the concrete sla b
beneath the asphalt surface due to thermal or moisture changes .

5. Common types of distress in PCC pavements are pumping, faulting, and cracking .
Joint deterioration is a major problem in JRCP, with its longer joint spacings, where -
as edge punchout is a major problem in CRCP due to closely spaced cracks .

6. The pavement serviceability–performance concept was developed during the
AASHO Road Test. Detailed procedures for developing the AASHO PSI equa-
tions relating physical measurements to panel ratings are presented . Changes in
the public's perception of serviceability and the use of new equipment for physi-
cal measurements leave it doubtful that the AASHO equations developed more
than 30 years ago are still applicable . One major deficiency of the AASHO equations
is that they include both rideability and surface defects . For the management of
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pavement inventory, it is preferable to have separate measures of ride quality and
surface defects. Therefore, there is a need to develop new equations that reflect
the public's perception of riding quality.

7. A variety of devices can be used to measure roughness and riding quality . The
most popular is the response-type road roughness meter (RTRRM). RTRRMs
measure the relative movement in inches per mile (m/km) between the body of
the automobile and the center of the rear axle . Because the measurements are
sensitive to the type and condition of the vehicle used, regular calibrations ar e
required. To provide a common base for roughness measurements, the use of th e
international roughness index (IRI) is recommended .

8. Pavement friction is measured most frequently by the locked-wheel trailer pro-
cedure, specified in ASTM E 274 . The skid number (SN), which is the measure d
coefficient of friction multiplied by 100, is determined when the vehicle travels a t
a speed of 40 mph (64 km/h) .

9. Regression equations are available to relate the surface texture to the skid num-
ber determined by the ASTM E 274 method . The British Pendulum Numbe r
(BPN) can be used as an indicator for microtexture, which governs the surfac e
friction at very low speeds, while the mean texture depth (MTD) is being used fo r
macrotexture, which affects the surface drainage and friction at higher speeds .

10. Skid resistance of wearing surfaces depends both on the aggregate and on th e
mixture characteristics . The most frequently sought after characteristics for a skid -
resistant aggregate are its resistance to polish and wear and its texture, shape, an d
size. The mixture characteristics can be controlled by blending of aggregates, selec -
tion of proper aggregate size and gradation, use of appropriate binder content, and
application of good construction practice .

11. The surface friction of PCC pavement can be improved by roughing, acid etching ,
grooving, and bonding a thin layer of aggregate to the surface ; that of bituminou s
pavement by grooving, surface treatment or thin overlay, and the use of a heate r
planer .

12. Nondestructive deflection tests can be conducted by three types of equipment ,
using static or slowly moving loads, steady-state vibration, or impulse loads. The
falling weight deflectometer, which imposes an impulse load on the pavemen t
surface, can simulate a moving wheel load in both magnitude and duration and i s
considered the best device for nondestructive testing .

13. Various computer programs are available to backcalculate the layer moduli . Be -
cause the solutions are not unique and depend on the initial moduli assumed, engi -
neering judgments are needed in using these programs . The layer moduli can also
be determined by a trial and error method using any layer system computer pro-
grams. The deflection of the sensor farthest from the load must be matched first b y
adjusting the modulus of the lowest layer. The process is then moved progressively
inward by adjusting the moduli of the upper layers to match with the deflections of
the inner sensors until the innermost sensor is reached. An exception to the abov e
procedures is the ILL-BACK program for directly determining the composit e
modulus of the foundation and the elastic modulus of the PCC slab .

14. Pavement evaluation and rehabilitation are not exact sciences and depend to a
large extent on past experiences and engineering judgments. Until recently, many
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problems in this domain could be solved only by human experts with extensive
practical experience and knowledge . The new technology of knowledge-base d
expert systems offers a powerful means for acquiring and organizing this huma n
expertise so that it can be preserved and communicated to others . Two of the sys-
tems, SCEPTRE for flexible pavements and EXPEAR for rigid pavements, ar e
briefly described .

15. A large number of regression equations can be found in the literature to predict
pavement performance. These equations illustrate the effects of various factor s
on pavement performance, but their usefulness in practice can be limited by th e
scope of the data base that was used in their development . Some equations are
presented for predicting fatigue cracking, rutting, and low-temperature cracking
of flexible pavements, as well as the present serviceability rating, transverse joint
faulting, and transverse joint spalling of rigid pavements.

16. An insight into the effects of various design features on the performance of jointed
concrete pavements was presented . These features include slab thickness, base type,
joint spacings, reinforcement, joint orientation, load transfer, dowel bar coatings ,
longitudinal joint design, joint sealant, tied concrete shoulders, and subdrainage.

PROBLEM S

9 .1 It is assumed that the present serviceability index PSI of pavements is related to th e
roughness index RI by

PSI = Ao + A l log(RI )

Derive the general equations for determining Ao and A l . Using the equations derived ,
find Ao and Al based on the data shown in Table P9 .1 . [Answer: PSI = 9 .50 —
2.98 log(RI) ]

TABLE P9 . 1

Section no . 1 2 3 4 5

RI (in ./mile )
PSR

80 0
1 .0

30 0
2.0

20 0
2 .5

15 0
3 .0

80
4 .0

9 .2 Table P9 .2 shows the measurements and ratings of five sections of flexible pavement .
Develop the equation for the present serviceability index . [Answer : PSI = 5 .51 — 1 .70 lo g
(1 + SV) — 38 .09RD 2 — 0 .004 VC + P]

TABLE P9 . 2

Section

	

Slope variance

	

Rut depth

	

Cracking and patching
no .

	

SV (10 -6 )

	

RD (in .)

	

C + P (ft or ft2/1000 ft2)

	

PSR

1 2 .8 0 .06 0 4. 3
2 5 .8 0 .10 1 3 . 8
3 10 .9 0 .11 13 3 . 2
4 16 .8 0 .16 23 2. 4
5 56 .0 0 .19 31 1. 1
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9.3 Derive Eq . 9.29 .
9.4 Glass beads are spread over a pavement surface to determine its mean texture depth . Th e

volume of beads is 2 in . 3 and the diameter of the patch area is 10 in . If the skid number of
the pavement is 40 at a speed of 40 mph, estimate the skid number at speeds of 20 and 6 0
mph, respectively. [Answer : SN 20 = 47.7 and SNdo = 33 .6]

9.5 FWD deflection measurements were made on a pavement, as shown in Figure P9 .5 . A
9000-lb load was applied uniformly over a circular area with a radius of 6 in . The surface
deflections at radial distances of 0, 8, 12, 24, 48, 72, and 96 in . were measured and found to
be 23 .7, 19 .7, 17 .1, 10.5, 5 .4, 3 .5, and 2 .6 mil (1 mil = 10-3 in.) Assume the layer system to
be linear elastic with the thicknesses and Poisson ratios shown in the figure, and backcal-
culate the layer moduli E l , E 2 , and E3 by KENLAYER.

9000 lb
6 in

HMA

	

El = ?

	

v l = 0 .35

	

4 in .

Granular E2 = ?

	

v Z = 0 .35
Base

	

12 in .

Subgrade E 3 = ?

	

v3 = 0 .45

	

FIGURE P9 . 5

9.6 Same as Problem 9-5 except that the granular base is nonlinear elastic with the propertie s
shown in Figure P9 .6 . Using method 3 with PHI = 40, backcalculate E 1 , K 1 , and E3 via
KENLAYER.

9000 l b

6 in .
Stres s
Point

HMA =4 ,v 1 =0 .35 Y 1 = 145 pcf 4 in .

FIGURE P9 . 6

Granula r
Base

E2 = K 0° .5

v2 =0.35

\ y 2 = 135 pcf

SLD = 0 .5

Ko=0 .6
12 in.

Subgrade E 3 = ?

9 .7 Same as Problem 9-6, but the granular base is divided into 6 layers, each 2 in. thick .
9.8 Figure P9 .8 is a linear elastic three-layer system with the load, material properties, an d

layer thicknesses as shown . The deflection sensors are placed at 0, 12, 24, 36, and 48 in .
from the axis of symmetry. Determine the functions f1, f2, f 3, f4, and f 5 , as shown in
Eq . 9 .36, by running KENLAYER . [Answer : 0 .2971, 0 .2427, 0.1907, 0 .1530, 0 .1125]
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FIGURE P9 .8

	

E3

	

v 3 = 0 .4 5

9.9 A FWD test was made on a concrete pavement . The radius of the load plate was 5 .9 in . and
the recorded load was 9000 lb . Sensors were located at 0,12 .24, and 36 in . from the center
of plate and the corresponding deflections recorded were 0 .0047, 0 .0040, 0 .0035, and
0 .0026 in. Laboratory tests on the cored samples indicated that the concrete has a modulu s
of elasticity of 4.7 x 106 psi . The foundation is assumed to be a dense liquid . Determin e
the modulus of subgrade reaction k and the thickness of the concrete slab . [Answer : 28 5
pci, 8 in . ]

9 .10 Same as problem 9-9, but the foundation is considered to be an elastic solid having Poisso n
ratio 0 .4 . [Answer : 37000 psi, 5 .5 in . ]

9 .11 An asphalt pavement has a HMA thickness of 4 in ., a stiffness of original asphalt of
200 kg/cm2 , and a loam type of subgrade. For a winter design temperature of -20°C an d
an age of 6 years, estimate the length of low-temperature cracks in ft per 1000 ft of two -
lane road . [Answer: 39 ft/1000 ft ]

9 .12 A doweled concrete pavement has a joint spacing of 20 ft and no tied concrete shoulder s
for edge support . The subgrade soil is A-6, and there is no edge drain installed . The calcu-
lated bearing stress between dowel and concrete is 3000 psi, and the pavement is placed o n
a subbase with an effective modulus of subgrade reaction of 100 pci . Estimate the amount
of transverse joint faulting after the pavement has been subjected to 20 million repetition s
of an 18-kip equivalent single-axle load. [Answer: 0 .089 in . ]

9 .13 No evidence of "D" cracking can be found on a 15-year-old jointed plain concrete pave-
ment. If the freezing index at the pavement site is 1000 degree days, estimate the averag e
number of medium- and high-severity joint spalls per mile if (a) liquid joint sealant is used
or (b) preformed compressive seal is used . [Answer : 16 .3 and 6 .0 joints per mile ]

E 1 /E 3 = 50

	

v = 0 .35

	

:8 in.

E 2 /E 3 = 4

	

v 2 = 0 .35

	

! 12 in.

q = 80 psi

12 in .
Sensors
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10 .1 STATISTICAL CONCEPT S

The variability of design factors has made the probabilistic method productive in the
design of both flexible and rigid pavements (Lemer and Moavenzadeh, 1971 ; Darte r
et al ., 1973b ; Kher and Darter, 1973 ; Darter, 1976) . The method was also incorporated
in the AASHTO design guide (AASHTO, 1986) . The application of the method re -
quires an understanding of some statistical concepts .

10 .1 .1 Definition s

Two of the most useful properties of a random variable are its expectation, or mean ,
and its variance . A random variable is a function that takes on a defined value for ever y
point in a sample space . For example, consider the sample space generated by the toss -
ing of two fair coins . The random variable x is defined as the total number of heads ob -
served. The sample space consists of four points (0, 0), (0, 1), (1, 0) and (1, 1), and a t
these points x takes on the values 0, 1, 1, and 2, respectively. The probability that th e
random variable x takes these values is known as the probability function of x, often
symbolized by f (x) . This can be expressed in tabular form :

x

	

0

	

1 2
f(x)

	

i

	

i
4

	

2

	

4

Note that the sum of f (x) for all possible values of x must be equal to one . If the ran -
dom variable is not discrete, but rather is continuous within the sample space, as show n
in Figure 10 .1, f (x) is called the probability density function . For f(x) to be a probability
density function, it must satisfy the condition that f(x) ? 0 for all x and that

	

ff(x) dx = 1

	

(10 .1 )
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FIGURE 10 . 1
Probability density function .

Expectation The expectation, or mean, of a random variable x is defined as follows :

Discrete case

	

E[x] = E x tf (x i )

	

(10.2a )
all x;

Continuous case

	

E[x] = fxf(x )

	

~dx

	

(10.2b )

If n independent observations of x are taken, each with the same probability 1/n ,
the mean of the observations, x, is obtained from Eq . 10.2a :

n

txi
i =1

	

(10 .3 )

This value is called the sample mean and is the best estimate of the true or population
mean µ .

Example 10 .1 :

Compute E[x] for a random variable x with the following probability function:

x

	

1

	

2

	

3

	

4

f(x)

	

s

	

2

Solution: By Eq .10 .2a, E[x] = 1(s) + 2(8) + 3(a) + 4(2) = 3 .125 .

Example 10 .2 :

Compute E[x] for a random variable x with the following probability density function:

f(x)

	

0<x< 1
x { 3x 1< x � 33

x=
n
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Solution: By Eq. 10 .2b,

	

f

	

1

	

3

E[x] =

	

3x 2d x + fxd

x=1 x 3
3

9 + 2 x 2
0

= 29

If c is a constant, then

E[c] = J cf(x) dx = cf f(x) dx = c

	

(10 .4 )
-00

	

00

By using the definition shown in Eq . 10 .2b, it can easily be proven that

E[cx] = cE[x]

	

(10 .5 )

E[gi(x) + g2 (x)] = E[gi(x)] + E[g2(x)]

	

(10.6)

in which gi and g2 are functions of x .

Variance The variance of a random variable x is defined as the expected value of th e
square of the deviation from its expectation:

V[x] = E[(x – E[x])2] (10.7a )

Discrete case V[x] = E (x, — E[x])2f(xi )
allx,

(10 .7b )

Continuous case V[x] = J_oc (x – E[x])2f(x) dx (10 .7c )

If E[x] is considered a constant, then Eq . 10.7a can be written as

V[x] = E[x 2 + (E[x]) 2 — 2xE[x]] = E[x 2] + (E[x]) 2 — 2(E[x]) 2

= E[x 2 ] — (E[x]) 2 (10.8)

Equation 10 .8 indicates that the variance of the random variable x is equal to the
expectation of the square of x, abbreviated as square mean, minus the square of the ex-
pectation of x, abbreviated as mean square.

Example 10 .3 :

Compute V[x] for the random variable x with the probability function shown in Example 10 .1 .

Solution : The variance can be calculated by either Eq . 10 .7b or 10 .8 . From Eq . 10 .7b, V [x] =

(1—3 .125) 2 (8)+ (2 — 3 .125)2 (8)+ (3—3 .125) 2 (4)+(4 — 3 .125) 2 (2) = 1 .109 . From Eq . 10 .8 ,

V[x] = 1(8) + 4(8) + 9 (4) + 16(2) — (3 .125) 2 = 1 .109 .
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If n independent observations of x are taken, the variance of x is determined fro m

(x ` — x) 2

V[x]= E n—1

	

(10 .9)

The sum is divided by n — 1 rather than n because is the sample mean rather than
the true mean, so the degree of freedom is n — 1 .

If a, b, and c are constants, it can be easily proved tha t

V[c] = 0 (10 .10)

V[cx] = c 2 V [x] (10 .11)

V [a + bx] = b2 V [x] (10.12)

The standard deviation s of a random variable x is defined as the square root o f
its variance :

s = \/V[x]

	

(10 .13 )

The coefficient of variation is generally used in percentile form, but, for convenience, i t
can be expressed as a decimal by

(10.14 )

in whichµ is the mean, E[x] .

Example 10 .4 :

Given the 10 values of x, 17, 19, 14, 11, 18, 16, 16, 10, 9, and 12 . calculate the mean, variance, stan-
dard deviation, and coefficient of variation .

Solution : From Eq. 10 .3, =(17+19+14+11+18+16+16+10+9+12)/10 =
14 .2 . From Eq. 10 .9, V[x] = [(17 — 14 .2) 2 + (19 — 14 .2) 2 + (14 — 14 .2) 2 + (11 — 14 .2) 2 +
(18—14 .2) 2 +(16—14.2) 2 +(16—14.2) 2 +(10 — 14.2) 2 +(9 — 14.2) 2 + (12 — 14 .2) 2]/(10—1) =-

12 .4 . From Eq . 10 .13, s = "12.4 = 3 .52 . From Eq . 10 .14, C[x] = (3 .52/14.2) x 100 = 24 .8% .

Covariance The covariance of two random variables x and y is defined as the expected
value of the product of the deviations of x and y from their expected values :

Cov[x, y] = E[(x — E[x])(y — E[y])]

	

(10 .15a)

Discrete case :

Cov[x, y] = E (x i — E[ x])(y, — E[y])f(x i, yr)

	

(10 .15b)
allx,,y;

Continuous case :
0,0

Cov[x,y] = J J ~(x — E[x])(y — E[y])f (x, y) dx dy

	

(10 .15c)
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From Eq . 10 .15a,

Cov[x, y] = E[xy — yE[x] — xE[y] + E[x]E[y] ]

= E[xy] — E[x]E[y]

	

(10 .16)

For actual computation of covariance, the use of Eq . 10 .16 is more convenient than tha t
of Eq. 10 .15a .

If large positive deviations of x are associated with large positive deviations of y ,
or large negative deviations of x with large negative deviations of y, then the covari-
ance will be positive. If positive deviations of x are associated with negative deviations

of y, and vice versa, the covariance will be negative. On the other hand, if positive an d
negative deviations of x occur as frequently as positive and negative deviations of y ,
then the covariance will tend to O . Therefore, the covariance is a measure of correlatio n
between two random variables. It should be noted that variance is a special case o f
covariance of a random variable with itself :

Cov[x, x] = E[(x — E[x])(x — E[x])] = E[(x — E[x]) 2 ] = V[x] (10.17)

The correlation coefficient between random variables x and y is defined as

Cov[x, y]_
P(x, Y)

	

~V[x] V [Y]
(10.18 )

It can be shown that -1 <— p 1 and that

(10.19 )p=1

	

when y = a + bx

and p=—1

	

when y = a — bx (10.20)

in which a and b are constants. The variance of x + y can be expressed as

V[x+y]=E[(x+y—E[x+y])2]=E[(x—E[x]+y—E[y])2 ]

= E[(x — E[x])2 + E[(y — E[y])2] + 2E[(x — E[x])(y — E[y]) ]

= V [x] + V[y] + 2 Cov[x, y]

	

(10 .21 )

If x and y are independent, Cov[x, y] = O .

Example 10 .5 :
Compute Co*, y] and p(x, y) for the following probability functions of random variables x and y :

f(x,Y) =

Solution: From Eq.10 .2a ,

E [ x] = ( 1 )(a) + ( 2 )(8) + (3 )(z) + (4 )(8) = 2.5

E [Y] = (3)(4) + ( 6 )(8) + (9)(z) + (12)(8) = 7 . 5

x = 1 y= 3

s x=2 y= 6

1 x=3 y= 9z

1 x=4 y=128
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From Eq . 10 .7b ,

V[x] = (1 - 2.5) 2 (1) + (2 - 2 .5) 2 ( 8 ) + (3 - 2 .5 ) 2 ( 2 ) + (4 - 2.5) 2 (8) = 1

V[y] = (3 - 7 .5) 2 (1) + (6 - 7.5) 2 (8) + (9 - 7 .5 ) 2 (2) + (12 - 7 .5) 2 (8) = 9

From Eq . 10 .15b ,

Cov[x, y] = (1 - 2 .5)(3 - 7.5)(4) + (2 - 2 .5)(6 - 7 .5)(8 )

+ (3 - 2.5)(9 - 7.5)(2) + (4 - 2 .5)(12 - 7 .5)(8) = 3

The covariance can also be determined from Eq . 10 .16 :

Cov[x,y] = ( 1 )(3 )(4) + (2)(6 )(8) + (3 )(9 )(2 )

+ (4)(12)($) - (2 .5)(7 .5) = 3

From Eq . 10 .18,
3

P(x, Y) - = 1

This is as expected, because y = 3x .

Example 10 .6 :

Compute Cov[x, y] and p(x, y) of the joint density function of random variables x and y :

f(x,y)=x+y when 0 < xsland0~ys 1

= 0

	

otherwise

Solution: To find the expectation involving two random variables, one is considered as a con -
stant and the other as a variable . From Eq . 10 .2b ,

,. c f

	

/ 1 / 1

	

E[xy] = J

	

xy(x + y) dx dy = J J (x 2 y + xy 2 ) dx dy

	

f-

	

0 0

=

	

l [ 3 y
+ x 2 2

]o
dy -

Jo l [ 3 + Zy2 ] dy [

62

	

63
1 1

	

0

	

3

/'1

	

1

E[x] = J J x(x
0 0

1 1

	

5
E[y2]= / f y 2 (x + y) dx dy = —

1 2

r x3

+y)dxdy= J [ 30f

	

7
E [ y] =

	

J y(x + y) dx dy =
1 20

f f
1 1

	

1 4

	

3 E[x`]
=

	

x 2 (x + y) dx dy = f[x + x	
Jo4

	

3

+X2y
ldy

	

+ y2

	

7
2 ]o

	

- [3

	

4]o

	

1 2

2 1 5
4 + 6,0 1 2
Y Y
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From Eq. 10 .8, V[x] = V[y] = lz — (iz) 2
— ia4 From Eq. 10 .18, p(x, y) _ - 11 .

1a-
From Eq. 10.16, Cov[x, y] = s — (2) ( 12=

	

) =

10 .1 .2 Taylor's Expansio n

Taylor's expansion for a function f(x, y) about the point (a, b) can be expressed a s

f (x, y) = f(a, b) + fx(a, b)(x – a) + fy (a, b)(y – b) + i [f, x (a, b)(x – a) 2
+ 2fxy (a, b)(x – a)(y – b) + fyy (a, b)(y – b) 2 ] +

	

(10.22)

in which the subscripts x and y indicate the partial differentiation with respect to x and
y. Taylor's expansion and its extension into n random variables can be used to deter -
mine the mean and variance of a function (Benjamin and Cornell, 1970) .

Mean If a and b are taken as the means of x and y, the expectation of f (x, y) can be

obtained from Eq. 10 .22 by taking the expectation on both sides. When all terms higher
than the second order are neglected, the following relation is obtained :

E[f(x, y)] = f(a, b) + {fxx(a, b) V[x] + 2fxy (a, b) Cov[x, y]
+ fyy (a, b) V[y]}

	

(10 .23 )

Note that E[fx (a, b)(x — a)] = fx (a, b){E[x] — a} = 0 because E[x] = a . I f
g(xi , x 2 , . . . , xn ) is a function of n random variables xi and ,u, is the mean value for eac h
of these random variables, the second-order Taylor series approximation to the expecte d

value of g is

n

	

a2

E[g] = g(µ) + iii E Ca ax
	 g) Cov[x i , x)]

	

(10.24)

	

=1_1 =1

	

i i

in which p. is the set of mean values for x i . If xi and x j are independent, then
Cov[x i, xi] = V [xi] and Cov[x i , xi ] = 0, so Eq. 10 .24 become s

	

E[g] = g(µ) +

	

a2 2V[xi]

	

(10 .25 )
i=1 axi

The second-order term may be neglected if the coefficients of variations of x i are small,

so

E[g] = g(µ)

	

(10 .26 )

Equation 10 .26 indicates that the mean value of g can be obtained simply by substitut -
ing the mean value of each random variable into the function .

Example 10 .7 :

The maximum surface deflection of a homogeneous and incompressible half-space under a
circular loaded area, as indicated by Eq . 2 .8, is

1 .5qa
(10 .27 )

w0

	

E
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If the contact pressure q, the contact radius a, and the elastic modulus E are independent with
mean values of q = 100 psi (690 kPa), a = 6 in . (152 mm), and E = 10,000 psi (69 MPa) and co-
efficients of variation of C[q] = 0 .1, C[a] = 0.05, and C[E] = 0.2, determine the mean of wo by
the first- and second-order approximations .

Solution : By the first-order approximation, or Eq . 10 .26, E[wo] = 1 .5 X 100 X 6/10,000 =
0.09 in . (2.29 mm) . For the second-order approximation a 2 wo/aq 2 = 0, a2 wo/aa 2 = 0, and
a2 wo/aE 2 = 3qa/E 3 , so the variance of q and a has no effect on E[wo] . From Eqs. 10 .13 and 10 .14 ,
V[E] = (0.2 x 10,000) 2 = 4 x 10 6 1b z/in. 4 (190 MN 2/m4 ) . From Eq. 10 .25, E[wo] = 0 .09 +
0.5X3X100x6x4x106/10 12 =0.0936 in . (2 .38 mm) .

Variance The first-order approximation for the variance of f (x, y) can be determine d
from the first three terms on the right side of Eq . 10 .22 by applying Eq. 10 .21 :

V[f(x, y)] = {fx(a,b)}2V[x] + {fy(a,b)}2V[y ]

	

+ 2{fx (a, b)}{fy (a, b)}Cov[x, y]

	

(10 .28 )

Equation 10 .28 can be extended to g(x i , x 2 , . . ., xn ) by

V [g] =

	

i (gr)
(ag) Cov[xi , x1]

	

(10.29)
i =11=1 axi

	

ax 1

If x 1 , x2 , . . ., x,, are independent, there are no cross product terms, and Eq . 10 .29
becomes

V [g] =

	

g~~ V [ x i]
i=1 axi

(10 .30)

Example 10 .8 :
Compute V [wo] for the problem in Example 10.7 .

Solution: With V[q] _ (0 .1 X 100) 2 = 100 lb 2/in .4 (4 .8 GN 2/m4 ), V[a] _ (0 .05 X 6) 2 =
0 .09 in .2 (58 .1 mm 2 ) and V[E] = 4 x 106 1b2/in . 4 (190 MN 2 /m 4), and applying Eq. 10.30 to
Eq. 10 .27, V[wo] = (1 .5)2{(a/E)2V[q] + (q/E) 2 V[a] + (qa/E 2 ) 2 V[E]} = 2.25{(6/10,000) 2 x
100 + (100/10,000) 2 x 0 .09 + (100 x 6/10 8 ) 2 X 4 x 106 } = 4 .25 x 10-4 in . 2 (0 .274 mm2 ) .

10 .1 .3 Normal Distributio n
The distribution function most frequently used as a probability model is called the normal
or Gaussian distribution. Although this symmetrical and bell-shaped distribution is very
important, it is not the only type of distribution to be used in the probabilistic method .

Basic Equation The mathematical equation of normal distribution expressing th e
frequency of occurrence of the random variable x i s

	 1	 	
r

l l/x—	 )2 1f(x) = 	 expl —	 µ

	

(10.31 )
s N/2Tr

	

L 2 \ s

in which s is the standard deviation and µ is the mean .
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Figure 10 .2 shows a plot of normal distribution with s = 1 and t = 0 and 4 ,
respectively. Note that the two curves are similar, except that the x coordinate i s
displaced by a constant distance. If the x coordinate at the peak is not equal to zero, i t
can be made to zero by a simple displacement .

The cumulative distribution function for a normally distributed random variabl e
x can be expressed as

i/i(x) = fx

	

1	 exp x 	 µ) 2 idx

	

(10 .32)
s \/27r

	

2

	

s

A simple way to eliminate µ and s in Eq . 10.32 is to introduce a normal deviate defined as
x

	

(10 .33)

Replacing x in Eq . 10 .32 by u gives
z

	

2
ti(z) =	

1

	

exp(—Z )du
V 27r o

in which iJi(z) is the area under the standard normal distribution curve f (u) between 0
and z, as indicated in Figure 10 .3 and tabulated in Table 10 .1 . By using Eq. 10 .34 and

f(u)

FIGURE 10 . 3
u

Area under normal curve.

2 3 4 5 6
	 I

-4 -3 -2 -1 0 1

FIGURE 10 . 2	 x
7 8

	

Normal distribution .

u= s

(10.34)

z
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TABLE 10 .1 Area '(z) Under Normal Curv e

.00 .01 .02 .03 .04 .05 .06 .07 .08 .09

0 0 .003969 .007978 .011966 .015953 .019939 .023922 .027903 .031881 .035856
.1 .039828 .043795 .047758 .051717 .055670 .059618 .063559 .067495 .071424 .075345
.2 .079260 .083166 .087064 .090954 .094835 .098706 .102568 .106420 .110251 .114092
.3 .117911 .121720 .125516 .129300 .133072 .136831 .140576 .144309 .148027 .151732
.4 .155422 .159097 .162757 .166402 .170031 .173645 .177242 .180822 .184386 .187933

.5 .191462 .194974 .198466 .201944 .205401 .208840 .212260 .215661 .219043 .222405

.6 .225747 .229069 .232371 .235653 .234914 .242154 .245373 .248571 .251748 .254903

.7 .258036 .261148 .264238 .257305 .270350 .273373 .276373 .279350 .282305 .285236

.8 .288145 .291030 .293892 .296731 .299546 .302337 .305105 .307850 .310570 .313267

.9 .315940 .318589 .321214 .323814 .326391 .328944 .331472 .333977 .336457 .33891 3

1 .0 .341345 .343752 .346136 .348495 .350830 .353141 .355428 .357690 .359929 .362143
1 .1 .364334 .366500 .368643 .370762 .372857 .374928 .376976 .379000 .381000 .382977
1 .2 .384930 .386861 .388768 .390651 .392512 .393350 .396165 .397958 .399727 .401475
1 .3 .403200 .404902 .406582 .408241 .409877 .411492 .413085 .414657 .416207 .41773 6
1 .4 .419243 .420730 .422196 .423641 .425066 .426471 .427855 .429219 .430563 .431888

1 .5 .433193 .434476 .435745 .436992 .438220 .439429 .440620 .441792 .442947 .444083
1 .6 .445201 .446301 .447384 .448449 .449497 .450529 .451543 .452540 .453521 .454486
1 .7 .455435 .456367 .457284 .458185 .459070 .459941 .460796 .461636 .462462 .463273
1 .8 .464070 .464852 .465620 .466375 .467116 .467843 .468557 .469258 .469946 .470621
1 .9 .471283 .471933 .472571 .473197 .473610 .474412 .475002 .475581 .476148 .476705

2 .0 .477250 .477784 .478308 .478822 .479325 .479818 .480301 .480774 .481237 .48169 1
2 .1 .482136 .482571 .482997 .483414 .483823 .484222 .484614 .484997 .485371 .48573 8
2 .2 .486097 .486447 .486791 .487126 .487455 .487776 .488089 .488396 .488696 .488989
2.3 .489276 .489556 .489830 .490097 .490358 .490613 .490863 .491106 .491344 .491576
2.4 .491802 .492024 .492240 .492451 .492656 .492857 .493053 .493244 .493431 .49361 3

2 .5 .493790 .493963 .494132 .494297 .494457 .494614 .494766 .494915 .495060 .495201
2 .6 .495339 .495473 .495604 .495731 .495855 .495975 .496093 .496207 .496319 .496427
2.7 .496533 .496636 .496736 .496833 .496928 .497020 .497110 .497197 .497282 .49736 5
2.8 .497445 .497523 .497599 .497673 .497744 .497814 .497882 .497948 .498012 .49807 4
2.9 .498134 .498193 .498250 .498305 .498359 .498411 .498462 .498511 .498559 .49860 5
3 .0 .498650 .498694 .498736 .498777 .498817 .498856 .498893 .498930 .498965 .49899 9
3 .1 .499032 .499065 .499096 .499126 .499155 .499184 .499211 .499238 .499264 .49928 9
3 .2 .499313 .499336 .499359 .499381 .499402 .499423 .499443 .499462 .499481 .49949 9
3.3 .499517 .499534 .499550 .499566 .499581 .499596 .499610 .499624 .499638 .49965 1
3 .4 .499663 .499675 .499687 .499698 .499709 .499720 .499730 .499740 .499749 .49975 8
3 .5 .499767 .499776 .499784 .499792 .499800 .499807 .499815 .499822 .499828 .49983 5
3 .6 .499841 .499847 .499853 .499858 .499864 .499869 .499874 .499879 .499883 .49988 8
3 .7 .499892 .499896 .499900 .400904 .499908 .499912 .499915 .499918 .499922 .49992 5
3 .8 .499928 .499931 .499933 .499936 .499938 .499941 .499943 .499946 .499948 .49995 0
3 .9 .499952 .499954 .499956 .499958 .499959 .499961 .499963 .499964 .499966 .499967

recognizing that the area under half of the standardized normal curve is 1, the proba-
bility associated with the value of the random variable being less or greater than an y
specified value can be determined .

Example 10.9 :

Given a normally distributed random variable x with a mean of 135 and a variance of 125, deter -
mine the probability that x is greater than 150 .



10.2 Probabilistic Methods

	

451

Solution: From Eq. 10 .33, z = (150 — 135)/125 = 1 .34 . From Table 10 .1, i(z) = 0 .41, s o
there is a 0 .09 chance, or 9% probability, that x is greater than 150 .

Log Normal Distribution When a variable extends over several orders of magnitude ,
such as traffic volume, damage ratio, grain size, or permeability, it is necessary to presen t
it in log scale and assume its distribution to be log normal, so that Eq . 10 .33 becomes

log x — log µ
u =

	

(10 .35)
Slog x

in which slog x is the standard deviation based on the log normal distribution of x . From
Eq. 10 .30,

(log e
V [log x] -=

	

x
V [x] =

0 .1886 vk] (10 .36)
x 2) 2

0 .4343
slog ; _

	

x s = 0.4343C[x] (10.37)

Equation 10.37 can be used to relate the standard deviation based on the normal dis-
tribution of x to that based on the log normal distribution of x .

Example 10.10:
If the distribution of x in Example 10 .9 is log normal, determine the probability that x is greater
than 150 .

Solution: From Eq . 10 .37, slog x = (0 .4343/135) x/125 = 0 .036 . From Eq . 10.35, u = (log
150 — log 135)/0.036 = 1 .27 . From Table 10 .1, z/i(z) = 0.398 ; so there is a 0 .102 chance, or

10.2% probability, that x is greater than 150.

10.2 PROBABILISTIC METHOD S

There are two methods of pavement design: deterministic and probabilistic . In the de-
terministic method, each design factor has a fixed value based on the factor of safety
assigned by the designer . Using judgment, the designer usually assigns a higher factor
of safety to those factors that are less certain or that have a greater effect on the fina l
design. Application of this traditional approach based on the factors of safety can re-
sult in overdesign or underdesign, depending on the magnitudes of the safety factor s
applied and the sensitivity of the design procedures. A more realistic approach is the
probabilistic method, in which each design factor is assigned a mean and a variance .
The factor of safety assigned to each design factor and its sensitivity to the final desig n
are automatically taken care of, and the reliability of the design can be evaluated . Reli-
ability is defined as the probability that the design will perform its intended functio n
over its design life .

Traffic, or the number of load repetitions, is one of the most important factors in
pavement design. There are two types of load repetitions : the predicted number of load
repetitions n and the allowable number of load repetitions N . In the deterministic
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method, both n and N have fixed values, whereas in the probabilistic method, eac h
has a mean and a variance . If the design is based on a single value of equivalen t
single-axle load (ESAL), n and N can be compared directly to evaluate the adequacy
of the design . If the design is based on a variety of axle loads or on ESAL applica-
tions over two or more seasons, the concept of damage ratio, as indicated by Eq . 3 .19 ,
may be used .

The use of load repetitions as a failure criterion is only one of the general
methods to evaluate the reliability of a design. Other failure criteria can also b e
used. For example, VESYS (FHWA, 1978) employed the serviceability index as a
design criterion ; traffic is treated as one of the many variables that affect th e
serviceability.

10 .2 .1 Method Based on Equivalent Single-Axle Loa d

For convenience, the determination of the predicted number of load repetitions and its
variance is called traffic prediction, and the determination of the allowable number o f
load repetitions and its variance is called performance prediction .

Traffic Prediction The predicted ESAL during the design period is designated WT
and can be determined from Eq . 6 .28 and rewritten a s

WT
= (

PiFi)(ADTo)(T)(A)(G)(D)(L)(365)(Y)

	

(10 .38)
i=i

in which pi is the percentage (decimal) of axles in the ith load group, F, is the equiva-
lent axle load factor (EALF) for the ith load group, m is the number of load groups ,
ADTo is the average daily traffic at the start of the design period, T is the percentag e
(decimal) of trucks in ADT, A is the average number of axles per truck, D is the per-
centage (decimal) of ADT in design direction, L is the percentage (decimal) of ADT i n
design lane, Y is the design period in years, and G is the growth factor, which can b e
computed by

G=z[1+(1+r)Y]

	

(6 .31)

in which r is the growth rate (decimal) per year . When the log operation is applied t o
both sides, Eq . 10 .38 become s

1ogWT = log(Epif) + log(ADT0 ) + log G + log T

+ log A + log D + log L + log Y + 2.562

	

(10 .39)

From Eq . 10 .30, the variance of log WT can be determined b y

V[logWT] = (loge)2f V[Ep`Fi] + V[ADTO ] + V[G ]

l ( 1 piFi) 2

	

(ADTo) 2

	

G2

+ vTT	 ] + vAA ] +
D2

+ ALL] }

	

(10 .40 )2
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Example 10 .11 :

The truck traffic on a flexible pavement is 55% 20-kip (90-kN) single-axle loads and 45% 36-ki p
(160-kN) tandem-axle loads . The average daily traffic at the start of the period is 5000 per day ,
with a coefficient of variation of 15% . The annual traffic growth rate is 6%, the percentage o f
trucks is 20%, and the number of axles per truck is 2 .5, each having a coefficient of variation of
10% . The directional distribution factor is 50%, and the lane distribution factor is 100%, bot h
being considered deterministic with no variations . If the coefficient of variation of AFL , which i s
the product of axle load percentage and its equivalent factor, is 35% and the Asphalt Institute' s
equivalent factors are used, determine the mean and the variance of log WT for a design perio d
of 20 years.

TABLE 10.2 Mean, Coefficient of Variation, and Variance of Traffic Data

Design ADTo (vehicles A (axles
factor per day) r (%) T (%) per truck) D (%) L (% )

Mean 5000 6 20 2 .5 50 10 0
CV 15 10 10 10 0 0
Variance 562,500 0 .000036 0 .0004 0 .0625 0 0

Solution: The given data and the computed variances are shown in Table 10 .2 .
From Table 6 .4, the equivalent factors for 20-kip (90-kN) single-axle and 36-kip (160-kN)

tandem-axle loads are 1 .51 and 1 .38, respectively, so pi F = 0.55 X 1 .51 + 0.45 x 1 .38 = 1 .45 2
and V[piF1] = (0 .35 x 1 .452) 2 = 0.258 . From Eq. 6 .31, G = 0 .5[1 + (1 + 0 .06) 20] = 2 .104 ,
and V[G] _ {0.5Y(1 + r) Y-1 } 2 V[r] = {0 .5 x 20 x (1 .06) 19 } 2 x 0 .000036 = 0 .033 . From
Eq. 10 .39, log WT = log 1 .452 + log 5000 + log 2 .104 + log 0.2 + log 2.5 + log 0.5 + log
1 + log 20 + 2.562 = 7 .445 . From Eq. 10 .40, V[log WT] = 0 .1886[0.258/(1 .452) 2 + 562,500/
(5000) 2 + 0 .033/(2 .104) 2 + 0 .0004/(0 .2) 2 + 0 .0625/(2 .5) 2] = 0 .1886(0.122 + 0 .023 + 0 .007 +
0 .010 + 0.010) = 0 .033 . It can be seen that the most important factor causing the variance is p,F, .

Performance Prediction The allowable ESAL during the design period is designated

Wt and can be determined from design equations or computer programs. The AASH-
TO design equation for flexible pavement can be used as an example . Because of the
empirical nature of this equation, only the English units will be shown . The equation is

log Wt = 9.36 log (SN + 1) — 0 .2 +
log[(p0 pt )/(4 .2	 1 .5 ) ]
0.4 + 1094/(SN + 1) 5 .1 9

+ 2 .32 log MR — 8 .07

	

(10.41)

in which p0 is the initial serviceability index, p t is the terminal serviceability index, MR
is the resilient modulus in psi, and SN is the structural number, defined a s

SN = a 1D1 + a 2D2m9 + a 3D3m3

	

(10.42 )

in which a i is the ith layer coefficient, D, is the ith layer thickness in inches, and m, is the
ith layer drainage coefficient . More about AASHTO design equations is presented in
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Section 12 .3 .1 . The variances of log Wt and SN are, respectively,

	

alog Wt

	

alog Wt

	

alogWt 2

V[log Wt] = (.	 3SN ) V[SN] + ( 8Po

	

V[Po] + aMR

	

V [MR]

— { 9.36 log e

	

log[(po — p t )/(4 .2 — 1 .5)][(1094 x 5 .19)/(SN + 1) 6 .19 ] 1 2

SN + 1 +

	

[0.4 + 1094/(SN + 1)5 .19]2

	

1l
V[SN ]

log e/(4 .2 — 1 .5)

[0 .4 + 1094/(SN + 1) 5 -19][(p0 — p t)/(4 .2 — 1 .5)]
}

2

V[Po]

{ 2 .32 log e
+

	

M

	

V [MR]
R

V[SN] = DiV [ a l] + a2V [D1] + (D2m2)2V [ a2] + (a2m2) 2V [ D2 ]

+ ( a2D2)2V [m2] + ( D3m3)2V [a3] + ( a 3m3)2V [D3 ]

+ (a 3D3)2V [m 3]

Example 10 .12 :

Given the mean and coefficient of variation of the initial serviceability index, layer coefficients ,
drainage coefficients, layer thicknesses, and subgrade resilient modulus, as shown in Table 10 .3, de -
termine the mean and variance of the performance prediction for a terminal serviceability of 2 .0 .

TABLE 10 .3 Mean and Coefficient of Variation of Pavement Variable s

Design

	

Dl

	

D2

	

D3

	

MR
factor

	

Po

	

al

	

(in .)

	

a 2

	

(in .)

	

m2

	

a3

	

(in .)

	

m3

	

(psi)

Mean

	

4.6

	

0 .42

	

8 .0

	

0 .14

	

7 .0

	

1 .2

	

0 .08

	

11 .0

	

1 .2

	

570 0
CV

	

6.7

	

10 .0

	

10 .0

	

14 .3

	

10.0

	

10 .0

	

18 .2

	

10 .0

	

10 .0

	

15 . 0

Note . 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa .

Solution : From Eq . 10.42, SN = 0 .42 x 8 + 0 .14 x 7 x 1 .2 + 0.08 x 11 x 1 .2 = 5 .592 .
From Eq. 10 .41, log W. = 9 .36 log 6 .592 — 0 .2 + log[(4.6 — 2 .0)/2 .7140.4 + 1094/(6 .592)5.19] +

2 .32 log 5700 — 8 .07 = 8 .074 . From Eq. 10 .44, V[SN] = (8)2 x (0 .42 X 0 .1)2 + (0 .42) 2 X (8 x
0 .1) 2 + (7 x 1 .2) 2 x (0 .14 x 0 .143) 2 + (0 .14 x 1 .2) 2 x (7 x 0.1) 2 + (0 .14 x 7) 2 x (1 .2 x
0 .1) 2 + (11 x 1 .2) 2 x (0 .08 x 0 .182) 2 + (0 .08 x 1 .2) 2 x (11 x 0 .1) 2 + (0 .08 x 11)2 x (1 .2 x
0 .1) 2 = 0 .341 . From Eq. 10.43, V[log 141 = {9 .36 x 0 .4343/6 .592 + [(log 0 .963) X 5677 .8/
(6 .592) 619]/[0 .4 + 1094/(6.592) S19] 2 } 2 x 0 .341 + {(0 .4343/2 .7)/[0 .4 + 1094/(6 .592) S19 1/0 .963} 2
(4 .6 x 0.067) 2 + {2 .32 x 0 .4343/5700} 2 (5700 x 0.15) 2 = 0 .128 + 0.012 + 0 .023 = 0 .163 .

and

(10.43 )

(10.44)
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Log norma l
distribution

FIGURE 10 .4
µ log Dr

	

log DI Reliability based on damage ratio .

Reliability When the mean and variance of log WT and log Wt are known, the reliability
of the design can be determined . Reliability is the probability that log WT — log Wt < 0 ,
or

Reliability = Probability (log Dr = log WT — log Wt < 0)

	

(10.45)

in which Dr = WTIWt is the damage ratio . The variance of log Dr can be obtained b y

V[log Dr] = V[log WT] + V[log W]

	

(10.46 )

By assuming Dr to have a log normal distribution, the reliability of the design, as indi-
cated by the shaded area in Figure 10.4, can be determined .

Example 10 .13 :

The results of the traffic prediction are shown in Example 10 .11 and those of the performance
prediction are shown in Example 10 .12 . Determine the reliability of the design .

Solution: From Example 10 .11, log WT = 7 .445 and V[log WT ] = 0 .033 . From Example
10 .12, log W = 8 .074 and V[log Wt] = 0 .163 . The mean of log Dr = 7 .445 — 8.074 = -0.629
and the variance of log Dr = 0.033 + 0.163 = 0 .196, so z = (0 + 0 .6290/0 .196 = 1 .42 . From
Table 10.1, the probability that log Dr is smaller than 0 is 0 .5 + 0 .422, or 92.2% .

The foregoing procedure for determining reliability is highly simplified for easy
understanding . A more rigorous procedure (Irick et al., 1987) defines reliability as

Reliability = Probability (log NT — log N < 0)

	

(10 .47 )

in which NT is the actual traffic and N is the actual performance. Both WT and Wt can
be predicted, but their actual values, NT and Nt , can be known only after the pavement
has been constructed and its traffic and performance have been observed . This can b e
explained by Figure 10 .5, in which the performance is evaluated by the distress indica-
tor d . The predicted number of load repetitions to cause the distress indicator to reac h
the terminal value is Wt , but the actual number is N . If the performance prediction i s
unbiased, with positive errors for some projects and negative errors for others, th e
mean of log N — log Wt should be zero. The same is true for traffic prediction with the
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Distres s
indicato r

(d)

log N T

	

log WT

	

log Wt

	

log N t

log WT — log NT log W t — log WT log Nt — log Wt

FIGURE 10 . 5

Probability distribution of traffic and performance . (After Irick et al. (1987) . )

mean of log WT – log NT equal to zero. The standard deviation for performance pre -
diction is ST, and that for the traffic prediction is st . Now,

log Nt – log NT = (log WT – log NT ) + (log Wr – log WT )

+ (log Nt – log W)

	

(10 .48 )

and the first and third terms on the right side have a mean of zero, so Eq . 10 .48 can be
reduced to

log NT – log Nt = log WT – log W

	

(10 .49 )

Equation 10 .49 implies that the mean of log NT – log Nt is the same as the mean of
log WT – log W. Because log W. – log WT is a reliability interval selected by the de -
signer and should be considered a constant, the variance of log Nt – log NT i s

s 2 = V[log Nt – log NT ] = V[log WT – log NT]

+ V (log Nt – log W] = 4 + si

	

(10.50)
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which is identical to Eq . 10 .46 . Therefore, the reliability determined from Eqs . 10 .45

and 10 .46 is the same as that determined from Eqs . 10 .47 and 10 .50 .

10.2.2 Method Based on Different Axle Load Group s

If the design is based on a number of load groups, the damage ratio, indicated by Eq .
3 .19, may be used . In the design of concrete pavements by the fatigue principle, a
cracking index c, similar to the damage ratio, is usually used and is defined a s

m n i
(10 .51 )

in which m is the number of axle load groups, n i is the predicted number of stress rep -
etitions for load i during the design life, and Ni is the allowable number of stress repe-
titions for load i . The design is considered satisfactory if the cracking index is less tha n
or equal to 1 .

Traffic Prediction The procedure for predicting the mean and variance of n i is simila r
to the method based on ESAL, except that each load group is considered separately . If
(no) i is the number of the ith axle load group per day at the start of the design period ,
the predicted number of repetitions n i for load group i during the design period is

n i = 365(no)i(G)(D)(L)(Y)

	

(10 .52 )

Note that the growth factor G, the percentage of axles in the design direction D, and

the percentage of axles on the design lane L may be different for each load group. The

variance is

V[ni] = (365 x Y)2{(GDL)2 V[(no) i ] + [(no)iDL]2V [ G ]

+ [(no)i GL] 2 V[D] + [(no)iGD ] 2V [L]}

	

(10 .53 )

Example 10 .14 :
A rigid pavement is subjected to a combination of single-, tandem-, and tridem-axle loads . The
means, coefficients of variation, and variances of the initial repetitions of each axle type, growt h
factor, directional distribution factor, and lane distribution factor are shown in Table 10 .4 . De-
termine the mean and variance of the number of repetitions of each axle type for a period of 2 0
years.

TABLE 10 .4 Traffic Data for Each Axle Typ e

Design
factor

(n o) i
Singl e

per day

( n o) 2
Tande m
per day

(no) 3
Tridem
per day G D (%) L (% )

Mean 500 100 40 2.0 50 10 0
CV 30 80 100 20 0 0
Variance 22,500 6400 1600 0 .16 0 0
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Solution: For single-axle loads, from Eq. 10.52, nl = 365 x 500 x 2 x 0.5 x 1 x 20 =
3 .65 x 10 6; from Eq. 10.53, V[n i l = (365 x 20) 2 [(2 x 0 .5) 2 x 22,500 + (500 x 0 .5) 2 x
0 .16] = 1 .73 x 10 12 . For tandem-axle loads, n 2 = 365 x 100 x 2 x 0 .5 x 1 x 20 = 7.3 x 105
and V[n2]=(365 x 20) 2 [(2 x 0 .5) 2 x 6400+(100 x 0 .5) 2 x 0.16] = 3 .62 x 10 11. For tridem-
axle loads, n 3 = 365 x 40 x 2 x 0.5 x 1 x 20 = 2.92 x 105 and V[n3 ] = (365 x 20) 2 [(2 x
0.5) 2 x1600+(40x0.5)2 x0.16]=8.87x1010

Performance Prediction In the design of concrete pavements, the allowable number of
stress repetitions for load i depends on the stress ratio, which is a quotient of the stress n-
and the modulus of rupture of the concrete Sc . For a given axle load, the average numbe r
of repetitions to cause fatigue failure is shown in Figure 7 .27 and can be expressed as

logN=17.61—17.61(5
c

The variance of cr/S~ can be determined from

v ~ ScJ = —)2V
[o-] + (;) 2 v[s ]

The variance of log N based on Eq . 7.39 i s

V[log N] = 310.11V

L
J S1

and, from Eq . 10 .36,

	 N2
V[N] 0

.1886 V[log
N]

It should be noted that the coefficients in the fatigue equations are not determin-
istic, but also exhibit a range of variations . Furthermore, u and Sc are not completel y
independent because a- depends on the modulus of elasticity of concrete, which can b e
related to the modulus of rupture. Therefore, a variance due to the inadequacy of
fatigue equations and other unexplained variances can be added to Eq . 10 .56 .

Example 10 .15 :

Given the means, coefficients of variation, and variances of critical stresses under single- ,
tandem-, and tridem-axle loads, as shown in Table 10 .5, determine the means and variances o f
allowable stress repetitions for each load type .

TABLE 10 . 5
Rupture

Mean and Variance of Concrete Stress and Modulus o f

Stress u (psi )
Design Modulus of ruptur e
factor Single Tandem Tridem Sc (psi )

Mean 330 360 380 65 0
CV 30 30 35 1 0
Variance 9801 11,664 17,689 4225

Note. 1 psi = 6.9 kPa

(7 .39 )

(10 .54 )

(10 .55)

(10.56)
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Solution: For single-axle loads, a-/S, = 330/650 = 0 .508 . From Eq. 10 .54, V[o/S,] = 9801/
(650 ) 2 + [330/(650 ) 2 ] 2 (4225) = 0 .0258 . From Eq . 7 .39, log N1 = 17 .61 — 17 .61 x 0 .508 = 8 .669,
or N1 = 4 .67 X 108 . From Eq. 10 .55, V[log NI ] = 310.11 X 0.0258 = 8 .001 . From Eq. 10.56,
V[N l] = (4 .67 x 108 ) 2 x 8 .001/0.1886 = 9 .02 x 10 18 .

For tandem-axle loads, = 360/650 = 0 .554. From Eq. 10 .54, V [o-/Se] = 11,664/
(650) 2 + [3601(650) 2] 2 x 4225 = 0 .0307 . From Eq. 7 .39, log N2 = 17 .61 — 17 .61 x 0 .554 =
7 .854, or N2 = 7.15 x 107 . From Eq. 10.55, V[log N2] = 310.11 x 0.0307 = 9 .520 . From
Eq. 10 .56, V[N2] = (7.15 x 10 7 ) 2 x 9 .520/0 .1886 = 2 .58 x 1017 .

For tridem-axle loads, o/S, = 380/650 = 0 .585 . From Eq. 10.54, V [o-/Sc] = 17,689/
(650) 2 + [380/(65092 X 4225 = 0 .0453 . From Eq. 7 .39, log N3 = 17 .61 — 17 .61 x 0 .585 =
7 .308, or N3 = 2 .03 x 107 . From Eq. 10 .55, V[log N3] = 310.11 x 0 .0453 = 14 .048 . From
Eq. 10.56, V[N3] = (2.03 x 107 ) 2 x 14 .048/0.1886 = 3 .07 X 10 16.

In this example, it is assumed that the passage of a set of tandem or tridem axles is con-
sidered as one repetition . If the secondary damage due to the additional one or tw o
axles is not negligible, it must be analyzed separately, as described in Section 6 .4 .5 .

Reliability Given the predicted and allowable numbers of load repetitions n and N
and their variances, the cracking index can be obtained from Eq . 10 .51 and the variance
of the cracking index fro m

V [c]
=

1{( )2V[nt] + ( ;'2 ) 2 v }
1

	

i

Because load repetitions are always expressed in log scale, it is reasonable to assum e
that the cracking index is also a log normal distribution . The variance of log c can be
determined from the variance of c :

V [log c] –
0.1886

V [c ]
c2

The standard deviation of log c is

(10.59 )

When the mean and the standard deviation of log c are known, the reliability of the de -
sign, as indicated by the shaded area in Figure 10 .6, can be defined a s

Reliability = 1 – Probability (log c ? 0)

	

(10 .60 )

RELIABILITY = 1 — PROBABILITY(log c > 0)

FIGURE 10 . 6

Reliability of cracking index .

(10 .57)

(10.58 )

Slog c

	

c
0 .4343

\/V[c ]

log c 0
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Example 10 .16 :

The results of traffic prediction are shown in Example 10 .14, those of performance prediction i n
Example 10.15 . Determine the reliability of the design .

TABLE 10 . 6
Repetitions

Mean and Variance of Predicted and Allowabl e

Axle load Single Tandem Tridem

n, 3 .65 x 10 6 7 .30 x 10 5 2 .92 x 10 5
V[n i] 1 .73 x 10 12 3 .62x10 11 8 .87x101 0
N, 4.67x10 8 7 .15X10 7 2.03x10
V[Ni] 9 .02x10 18 2 .58x107 3.07x10 16

Solution: The means and variances of predicted and allowable repetitions for the three dif-
ferent axle loads are summarized in Table 10 .6 .

From Eq . 10 .51, c = 3 .65 x 106/(4 .67 x 108) + 7 .30 x 10 5 /(7 .15 x 10 7 ) + 2 .92 X 10 5 /

(2 .03 X 10 7 ) = 0 .0324 . From Eq. 10 .57, V[c] =1 .73 x 1012/(4 .67 x 108 ) 2 + [3 .65 x 106/(4.67 x
10 8 ) 2] 2 x 9 .02 x1018 +3 .62 x 10 11 /(7 .15 x 10 7 ) 2 + [7 .30 x 105 /(7 .15 x 10 7 ) 2] 2 X 2 .58 x 1017 +

8 .87 X 10 10 / (2 .03 X 10 7 ) 2 + [2 .92 x 105 / (2 .03 x 10 7 ) 2 ] 2 x 3 .07 x 1016 = 0.0235 .
-1.489, z =

From
(0 +Eq . 10 .59, slog c = 0.43430.0235/0 .0324 = 2.055 . With log c = log 0 .0324 =

1 .489)/2 .055 = 0.725, from Table 10 .1, reliability = probability (log c < 0 )
0 .761, or 76 .1% .

= 0 .5 + 0 .261 =

VARIABILITY

To determine the reliability of a design, the variances due to various sources must b e
known or estimated . This information can be obtained from field observations or labo-
ratory tests or from past experience on similar projects .

10 .3 .1 Frequency Distributio n

The frequency distribution of some design factors and their coefficients of variatio n
are presented below.

Stiffness Coefficient of the Subgrade The stiffness coefficient of the subgrade, based
on the surface curvature index measured by the Dynaflect, is an indication of the sub -
grade support . The in situ stiffness coefficients, which vary from about 0.2 for a weak
clay to 1 .0 for HMA, are calculated by means of a computer program . The theory and
development of the stiffness coefficient are similar to those of the elastic modulus, wit h
simplifying assumptions, as described by Scrivner and Moore (1968) .

Figure 10 .7 is a histogram showing typical distribution of the stiffness coefficien t
of subgrade within a project . The normal distribution curve fit to the plot is shown b y
the dotted line . The mean the standard deviation s, and the number of measure-
ments n are also shown in the figure . The average coefficient of variation within a pro-
ject, based on a large number of projects, is about 10% (Darter, 1976) .

10 .3
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.16

	

.20

	

.24

	

.28
Subgrade Stiffness Coefficient

FIGURE 10 . 7
Frequency distribution of subgrade
stiffness coefficient. (After Darte r
et al. (1973a) .)

Stiffness Coefficient of Pavement Figure 10 .8 shows a typical frequency distribution
of stiffness coefficient for a pavement consisting of hot mix asphalt and cement-treate d
base. The stiffness coefficient of the pavement is much larger than that of the subgrad e
and has a greater coefficient of variation .

Thickness of Asphalt Surface Figure 10 .9 shows a typical frequency distribution o f
asphalt surfacing thickness determined by individual cores. The coefficient of variation

.60

	

.84

	

1 .08

	

1 .32
Pavement Stiffness Coefficient

FIGURE 10 . 8
Frequency distribution of pavemen t
stiffness coefficient . (After Darte r
et al. (1973a) .)
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TABLE 10 .7 Standard Deviations of Layer
Thickness for Flexible Pavement s

Material

	

Standard deviation

Hot mix asphalt

	

0 .41 in .
Cement-treated base

	

0 .68 in.
Aggregate base

	

0 .79 in .
Aggregate subbase

	

1 .25 in .

Note . 1 in . = 25 .4 mm .
Source . After Darter et al . (1973a) .

20 —

Mean = 9 .2 in .
s = 0 .3 in.

16 —n = 65 6

FIGURE 10 .1 0

Frequency distribution of concret e
slab thickness (1 in . = 25 .4 mm) .
(After Kher and Darter (1973) .)

0	 - .~~

	

ic .
8 .3

	

8 .7

	

9 .1

	

9 .5

	

9 .9
Concrete Thickness (in . )

is not a good representation of variance, because it increases with the decrease in thick -
ness. Sherman (1971) presented results from California showing thickness variations i n
various pavement layers from 1962 to 1969 . Based on over 8000 tests for each material ,
the standard deviations of thickness for four different paving materials are presented
in Table 10 .7 . Using corresponding thicknesses of these layers, an average coefficient o f
variation of about 10% was obtained.

Thickness of Concrete Figure 10 .10 shows a typical frequency distribution of con-
crete slab thickness, based on the measurement of individual cores . From the thick-
nesses obtained on 27 projects in four states, the standard deviations for three nomina l
pavement thicknesses are shown in Table 10 .8 . As can be seen, the standard deviatio n
is not proportional to, or even dependent on, the average thickness of the pavement .

Modulus of Rupture of Concrete Figure 10 .11 shows a typical frequency distributio n
of concrete modulus of rupture . The coefficient of variation for this particular project i s
9 .6% . The average coefficient of variation based on 15 projects is about 10 .7% (Kher
and Darter, 1973) .
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TABLE 10 .8 Standard Deviations of Concrete Thickness for Rigi d
Pavements

Concrete thickness Standard deviation Number of projects

8 in .
9 in .

10 in .

0 .32 in .
0 .29 in .
0 .29 in .

14
8
5

Note . 1 in. = 25 .4 mm .
Source. After Kher and Darter (1973) .

FIGURE 10 .1 1
Frequency distribution of concret e

450 500 550 600 650 700 750 800 850 900 modulus of rupture (1 psi = 6 .9 kPa) .
Modulus of Rupture (psi)

	

(After Kher and Darter (1973) . )

Initial Serviceability Index Figure 10 .12 shows a typical frequency distribution
for the initial serviceability index of a newly constructed flexible pavement an d
Figure 10 .13 shows that of the AASHTO Road Test rigid pavements . Note that rigid
pavements have a higher initial serviceability index and a lower coefficient of variatio n
compared with flexible pavements.

10 — Mean = 4 . 2
s=0.3 3

8 — n = 54

2

0
3 .5

	

4 .0

	

4.5

	

5 .0
Initial Serviceability Index

FIGURE 10 .1 2
Initial serviceability index of flexible
pavements (After Darter et al. (1973a) .)
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FIGURE 10 .1 3
Initial serviceability index of concret e
pavements . (After Kher and Darter
(1973))

4.24 .34 .44 .54 .64 .74 .84.95 .0
Initial Serviceability Index

10.3 .2 Coefficients of Variatio n

The use of a coefficient of variation is a convenient way to specify the variability of de -
sign factors. Experience has shown that the standard deviations of most random vari -
ables are proportional to their average values . Therefore, a fixed coefficient of
variation can be applied to a design factor regardless of its magnitude and dimensiona l
unit . Even if the standard deviation is a constant and independent of the mean, such a s
pavement thickness, a coefficient of variation can still be easily figured out by simpl y
dividing the standard deviation by the mean . Estimates on the coefficients of variatio n
for some of the traffic and design factors are presented below (AASHTO, 1985) .

Traffic Prediction Table 10 .9 shows the coefficients of variation for design perio d
traffic prediction. These coefficients fall in line with those originally suggested b y
Darter et al. (1973a) . The overall coefficient of 42% is obtained as [(35)2 + (15) 2 +

(10) 2 + (10) 2 + ( 10) 21 0.5

Performance Prediction Table 10 .10 shows the coefficients of variation of perfor-
mance prediction for flexible pavements, Table 10 .11 those for rigid pavements. The
strength factor of each flexible layer is an indicator of its resilient modulus . The coeffi-
cients of variation of the resilient modulus vary from 10.0% for the asphalt surfac e
layer to 18 .2% for the subbase layer . If the concrete slab is placed on a solid or a layer
foundation, a coefficient of variation of 15% may be assumed for the foundation. If the

TABLE 10.9

	

Coefficients of Variation for Design Period Traffic Predictio n

Description Symbol Coefficient of variation (% )

Summation of EALF over
% axle distributio n

Initial average daily traffic
Traffic growth factor
Percentage of truck s
Average no . of axles per truck
Overall traffic prediction

lP;Fi

ADT0
G
T
A

3 5

1 5
1 0
1 0
1 0
42

Source . After AASHTO (1985) .
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TABLE 10.10 Coefficients of Variation for Performance Prediction o f
Flexible Pavements

Description Symbol Coefficient of variation (% )

Initial serviceability index Pa 6. 7
Surface strength factor a l 10 .0
Surface thickness D1 10. 0
Base strength factor a2 14 .3
Base drainage factor M2 10 .0
Base thickness D2 10. 0
Subbase strength factor a 3 18 .2
Subbase drainage factor m3 10 .0
Subbase thickness D3 10. 0
Subgrade resilient modulus MR 15 .0

Source. After AASHTO (1985) .

TABLE 10 .11 Coefficients of Variation for Performance Prediction of
Rigid Pavements

Description Symbol Coefficient of variation (% )

Initial serviceability index pa 6. 7
Slab thickness D 4, 0
Slab elastic modulus Ec 10 .0
Load transfer factor J 5. 0
Drainage factor Cd 10. 0
Modulus of subgrade reaction k 35 .0
Concrete modulus of rupture Sc 10, 0

Source . After AASHTO (1985) .

slab is placed on a liquid foundation, a coefficient of variation of 35% may be assume d
for the modulus of subgrade reaction, k.

10.3.3 Variance s

All the variances discussed so far are caused by the variation of traffic and design fac -
tors . Other variances also have to be considered . The source and distribution of these
variances are presented below.

Sources There are three sources of variance :

1. Variances due to traffic or design factors. Sampling errors in all traffic factors o r
construction errors in all design factors will increase the chance deviation be-
tween design and performance .

2. Unexplained variance . Many variables other than traffic and design factor s
give rise to chance deviations . For example, the allowable number of repeti-
tions in concrete pavement design is governed by the stress ratio o-ISc , accord-
ing to Eq . 5 .35 . Even though the variation of o-/Sc caused by all the relevant design
factors has been properly considered, the constants in the fatigue equations ar e
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TABLE 10 .12 Percentage Distribution of Overall Varianc e

Flexible Rigid
Type of prediction Source of variance pavement pavement

Traffic prediction Traffic factor 14% 22 %
Unexplained 3% 4%
Lack of fit 1% 1%
Total variance 0 .0429 18% 0 .0429 27 %

Performance Design factor 45% 42%
prediction Unexplained 5% 8 %

Lack of fit 32% 23 %
Total variance 0 .1938 82% 0 .1128 73 %

Overall variance 0 .2367 100% 0.1557 100%
Source . After AASHTO (1985) .

actually not deterministic and can exhibit a range of variations . Disregardin g
these variations will increase the chance deviation between design an d
performance .

3 . Variance due to inadequacy of design procedure or lack of fit of design equation .
The application of a design procedure or equation always involves some degre e
of uncertainty, because of the use of simplifying assumptions or of neglect of cer -
tain design factors .

Distribution Table 10 .12 shows the percentage distribution of overall variance when
the AASHTO equations are used for pavement design . It can be seen that the varianc e
due to performance prediction is much greater than that due to traffic prediction . The
design equation for rigid pavements has a much smaller variance compared to that fo r
flexible pavements . The large lack of fit variance in the performance prediction is du e
to the empirical nature of the AASHTO equations . This variance can be greatly
reduced if mechanistic—empirical methods are used .

10.4 ROSENBLUETH METHO D

Taylor series expansion has been used for determining the mean and variance of a
function . This method requires the knowledge of each term in the function and the ex -
istence and continuity of the first and second derivatives . Rosenblueth (1975) devel-
oped a simple method similar to the finite difference procedure that can be use d
directly to determine the mean and variance of any function without knowing it s
formulation .

10.4.1 Description of Metho d

In the design of concrete pavements by the probabilistic method, the most difficult par t
is to determine the maximum stress a- and its variance . From Eq. 10 .8, the variance can
be determined as

V[a-] = E[Q 2] — (E[cr]) 2

	

(10.61)
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The expectations of cr and 0-2 can be determined b y

E[a- m ] = 2 (o+ +

	

for one variable

	

(10 .62a)

E [am] = 2 (a"++ + a '+ + u``+ + um_)

	

for two variables

	

(10.62b)

E[a-m ] = 23 ( 6+++ + u++- + a' + + + a+ + Q '_"'++ + o- m+ -

+ um+ + am__) for three variables (10 .62c )

E[a'm ] = 2q(a++++ + 0-+++- + o•++-+ + 9'++-- + a"+-++ + Q+-+-

+ a•+--+ + a'+--- + a"m+++ + ~'r
++ + ffm+-+ + 0'-m+--

+ or m-++ + + a-L" _+ + gym_--) for four variables (10.62d)

The equation can be extended to any number of variables n by simply adding a plus
sign and then a minus sign to the previous equation with a total of 2' terms. Note that
m is either 1 or 2, corresponding to E[a-] and E[Q 2] .

If there are four random variables, it is necessary to determine the stress 16 time s
and then compute E[a-] and E[o-2] by Eq. 10 .62 and V[a] by Eq . 10 .61 .

10.4.2 Comparison with Taylor's Expansio n
A comparison between Taylor's expansion and the Rosenblueth method can best b e
illustrated by a simple closed-form equation used previously by the U.S. Corps of
Engineers (Turnbull and Ahlvin,1957) :

t = (0 .231 log n + 0.144) 8
.1 CBR 7r

(10.63 )

In this equation, t is the pavement thickness in inches, n is the number of passes or cov-
erages, P is the wheel load in lb, CBR is the California bearing ratio of the subgrade ,
and A is the tire contact area in in . 2. Equation 10.63 can be written a s

log n =

		

4 .329t	
- 0.623

	

(10.64)
1PI(8.1 CBR) - A/7r

Given that t = 20 in ., P = 30,000 Ib, CBR = 4, A = 285 in . 2 and that the coefficients
of variations, C[t], C[P], C[CBR], and C[A], are all 0 .1, determine the number of repe -
titions for 75% reliability. It is assumed that log n is normally distributed and that n is
deterministic with no variations.

Taylor's Expansion We begin with the formula

n]

	

4 .329 x 20
E[log =	 - 0.623 = 2 .37 3

V30,000/(8 .1 x 4) - 285/7r
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The variances of log n due to the variances of t, p, CBR, and A can be computed by th e
first-order Taylor's expansion :

V[log n]r = C
a log

n~2V [t]
= [	 4 .329	

i2(t
x C[t])2

\/P/(8 .1 CBR) – A/7r

	

(4 .329 x 20 x 0.1) 2

	

_ 74.96
= 0.089 8

30,000/(8 .1 x 4) – 285/7r

	

835 .2 1

1

	

4 .329t

	

1

	

l 2
V[log n]p = { - -	 15	

}
(P x C[P]) 2 = 0.0276

2 [P/(8.1 CBR) – A/7r] 81 CBR

(4.329t

	

p

	

2
V[log n ]cBR =

{–
21

	

0 .027 6
[P/(8 .1 CBR) – A/~r] l .s 8 .1(CBR)2 (CBR

X C[CBR]) 2

2
V[log n]A = 1

	

4 .329t	 1 (A x C[A]) 2 = 0.000 3{–	
2 [P/(8 .1 CBR) – A/7;1 1 .5

V [log n] = 0.0898 + 0.0276 + 0 .0276 + 0.0003 = 0.145 3

Slog n = V'0.1453 = 0 .38 1

For 75% reliability, the area between the number of repetitions and the mean is 25% ,
as indicated in Figure 10 .14 . From Table 10.1, z = -0.674. From Eq. 10.35 ,
-0.674 = (log n – 2 .373)/0 .381, or log n = 2.373 – 0 .674 x 0 .381 = 2 .116, so the
allowable number of repetitions for 75% reliability is n = 131 .

Rosenblueth's Procedure This procedure does not take derivatives on Eq . 10 .64 with
respect to t, P, CBR, and A, but instead requires the evaluation of log n 16 times . It i s
convenient to evaluate log n at plus and minus one standard deviation, and the result s
are presented in Table 10 .13 . The sum of log n is 38 .1461, and the sum of (log n) 2 i s
93 .3041 . From Eq. 10.62d, E[log n] = 38.1461/16 = 2 .3841, which checks with th e

value 2 .373 derived by Taylor's expansion, and E[(log n) 2] = 93 .3041/16 = 5 .8315 .
From Eq . 10 .61, V[log n] = 5.8315 – (2 .3841) 2 = 0.1476, which checks with the valu e
0 .1453 derivedby Taylor's expansion. For 75% reliability, log n = 2.3841 –
0 .674 x \/0.1476 = 2 .125, or n = 133, which checks with the value 131 derived by
Taylor's expansion.

FIGURE 10 .1 4

Allowable repetitions at
75% reliability. log n
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TABLE 10 .13 Computation of Log n and (log n) 2 by Eq. 10 .64

Term t (in .) P (lb) CBR A (in.) log n (log n) 2

++++ 22 33,000 4 .4 313 .5 2 .6905 7 .2387
+++- 22 33,000 4 .4 256 .5 2 .6547 7 .0474
++-+ 22 33,000 3 .6 313 .5 2 .3418 5 .4839
++-- 22 33,000 3 .6 256.5 2 .3161 5 .3643
+-++ 22 27,000 4 .4 313 .5 3 .0904 9 .5504
+-+- 22 27,000 4 .4 256 .5 3 .0402 9 .2428
+--+ 22 27,000 3 .6 313 .5 2 .6905 7 .2387
+--- 22 27,000 3 .6 256 .5 2 .6547 7 .0473
-+++ 18 33,000 4 .4 313 .5 2 .0880 4 .3599
-++- 18 33,000 4 .4 256 .5 2 .0587 4 .2384
-+-+ 18 33,000 3 .6 313 .5 1 .8027 3 .2498
-+-- 18 33,000 3 .6 256 .5 1 .7817 3 .1744
--++ 18 27,000 4 .4 313 .5 2 .4152 5 .8332
--+- 18 27,000 4 .4 256 .5 2 .3742 5 .6366

+ 18 27,000 3 .6 313 .5 2 .0880 4 .3599
18 27,000 3 .6 256 .5 2 .0587 4.2384

Sum 38 .1461 93 .3041

Note . 1 in . = 25 .4 mm and 1 lb = 4.45 N .

SUMMARY
This chapter discusses the concept of reliability and its application to pavement design .
Reliability is the probability of success. Depending on how the success or failure is defined ,
various design criteria, such as equivalent 18-kip single-axle loads, damage ratio or crack -
ing index, and terminal serviceability index, may be used for computing reliability .

Important Points Discussed in Chapter 1 0

1. There are two methods of pavement design : deterministic and probabilistic . In
the deterministic method, each design factor is assigned a fixed value, usually a
value that is conservative compared with the mean . In the probabilistic method ,
each design factor has a mean and a variance . If any two of the design factors ar e
correlated, their covariance must also be specified .

2. In the probabilistic method of design, the mean and variance of random variable s
can be determined by the Taylor series expansion . If the random variables are
normally distributed, the second-order terms are small and can be neglected .
Thus, Eq. 10.26 can be used to determine the mean and Eq . 10 .29 or 10 .30 can be
used to determine the variance .

3. Various criteria can be used to evaluate the reliability of a design . The reliability
can be obtained by comparing the mean value of the criterion with the require d
criterion . If the mean value is equal to the required value, the reliability of the de -
sign is 50% . To increase the reliability, the required criterion must be more strin-
gent, depending on the variability of the mean value .

4. The most popular probabilistic method of pavement design is to compare the allow -
able number of load repetitions with the predicted number of load repetitions, al l
based on the mean values and each with its own coefficient of variation .
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5. It is reasonable to assume that axle load repetitions have a log normal distribu-
tion. If an equivalent axle load is used for design purposes, the reliability is th e
probability that log Dr = log WT — log Wt <— 0, in which Dr is the damage rati o
or the ratio between the allowable number of load repetitions Wt and the pre-
dicted number of load repetitions WT. When log Dr and its standard deviation are
known, the probability that log Dr is not greater than 0 can be determined . If the
axle loads are divided into a number of groups and a year is divided into severa l
periods, each with a different Wt and WT, the Dr is the summation of damag e
ratios for all load groups over all periods .

6. To apply the probabilistic method, it is necessary to know the coefficients of varia-
tion of various traffic and design factors . These coefficients depend on the method of
construction and quality control and can be obtained only from past experience s
and field measurements . In the absence of more definite information, the coeffi-
cients of variation presented in Tables 10.9, 10 .10, and 10 .11 can be used as a guide .

7. The Rosenblueth method can be used to determine the probabilistic solutions fro m
the deterministic solutions. Any deterministic design method can easily be converted
into a probabilistic method based solely on a number of deterministic solutions .

PROBLEM S

10 .1 The probability function of a random variable x i s

x= 03

f(x) =

	

x = 1

6 x= 2

Find the mean and the variance of x . [Answer: 0 .833, 0 .472]
10 .2 If f (x) = texp(—t 2/2) when t ? 0 and f (x) = 0 when t < 0, compute the mean and the

variance of x . [Answer: 1 .253, 0 .429]
10 .3 Two random variables, x and y, have the following probability functions :

1
2

Compute Cov[x, y], p(x, y), and V[x + y] . [Answer : 0.688, 1, 2 .75]
10 .4 The joint density function of two random variables, x and y, i s

f(x,y)=6xy(2—x—y) when 0sx1and0<-y_ 1
= 0

	

otherwis e

Compute Cov[x, y] and p(x, y) . [Answer : — ,a4 , — a3 ]
10 .5 The thickness of a full-depth asphalt pavement is determined by the equatio n

t = (0 .25 + 0 .125 log n)[ i
r(Py

— a2

	

EP
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in which t is the thickness of asphalt concrete ; n is the number of load repetitions; P is th e
wheel load ; E is the modulus of the subgrade; a is the tire contact radius, and Ep is
the modulus of asphalt concrete . Assume that t = 6 .5 in ., n = 100,000 ., P = 9000 lb, E _
10,000 psi, a = 6 in ., and Ep = 400,000 psi and that the coefficients of variation of t, n, P,
E, a, and E0 are all 10% . Also assume that t has a normal distribution and that the relia-
bility is based on the required t obtained from the above equation versus the designed t of 6 . 5
in . Determine the reliability of the design based on Taylor series expansion . [Answer : 95 .5 % ]

10.6 Solve Problem 10 .5 by the Rosenblueth method . [Answer: 95 .0% ]
10.7 In Problem 10 .5, it is assumed that log n is normally distributed and that the reliability i s

based on the n obtained from the equation and on the predicted n, namely, 100,000.
Determine the reliability of the design based on Taylor series expansion . [Answer : 86 .8% ]

10.8 Solve Problem 10 .7 by the Rosenblueth method . [Answer : 87 .6% ]
10.9 The number of load repetitions to induce the fatigue cracking of a certain hot mix asphal t

is given by

Nf = fl(Et)
f2

For this problem, fl = 0 .00462 with a coefficient of variation of 30%, f2 = 2 .69 with a
coefficient of variation of 5%, the coefficient of correlation for ft and f2 is -0 .867, and th e
tensile strain Et is 0 .0021 with a coefficient of variation of 10% . Compute the expectation
and variance of Nf based on the first-order Taylor series expansion . [Answer : 73,770 ,
2 .28 X 109 ]

10 .10 The serviceability index of flexible pavements is determined a s

PSI = PSIo - 1 .91 log(1 + SV) - 1 .38 RD 2 - 0 .01\

in which PSIo is the initial serviceability index, SV is the slope variance (10 -6 rad), RD i s
the rut depth (in .), and C is the cracked area (sq ft/1000 sq ft) . From the data shown in
Table P10.11, determine (a) the expected value of PSI using second-order Taylor serie s
expansion, (b) the variance of PSI, and (c) the terminal serviceability index for 95% relia-
bility. [Answer : 3 .21, 0 .095, 2.7 ]

TABLE 10.11 Initial Serviceability and Physical Measurement s

PSIo

	

SV

	

RD

	

C

Mean

	

Variance

	

Mean

	

Variance

	

Cracked area
Mean

	

Variance

	

(10-6 rad)

	

(10-12 rad)

	

(in,)

	

(in2)

	

(ft2/1000 ft2 )

4 .2

	

0 .06

	

1 .572

	

0 .32

	

0 .284

	

0.003

	

120

10 .11 Find V[g] when r = 1, C[r] = 0 .2 and

1 -2r

	

2+r

	

r
g

	

+

	

+1+r

	

3 + 6r + r 2

	

(4 + r 2 )(6 + r )
[Answer : 0 .01425 ]

10.12 Find V[g] when r = V [r] = 10, s = V [s] = 20 and

1 -2r — s

	

r+s

	

r s
g

	

+

	

+1+rs

	

3 + 6s + r 2

	

(r + s) 2
[Answer : 0 .00139]
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11 .1 CALIBRATED MECHANISTIC DESIGN PROCEDUR E

The design equations presented in the 1986 AASHTO design guide were obtained em -
pirically from the results of the AASHO Road Test . To develop a mechanistic pave-
ment analysis and design procedure suitable for future versions of AASHTO guide, a
research project entitled "Calibrated Mechanistic Structural Analysis Procedures fo r
Pavements" was awarded to the University of Illinois under NCHRP 1-26 . The re -
search included both flexible and rigid pavements, and a two-volume report, hereafter
referred to as Report 1-26, was prepared for the National Cooperative Highway
Research Program (NCHRP, 1990) . Some of the information presented herein was
obtained from Report 1-26.

The calibrated mechanistic procedure is a more specific name for the
mechanistic–empirical procedure . It contains a number of mechanistic distress models
that require careful calibration and verification to ensure that satisfactory agreemen t
between predicted and actual distress can be obtained . The purpose of calibration is t o
establish transfer functions relating mechanistically determined responses to specifi c
forms of physical distress . Verification involves the evaluation of the proposed model s
by comparing results to observations in other areas not included in the calibration
exercise . This procedure has been used in several design methods, such as the Asphal t
Institute method described in Section 11 .2 .6 . However, these existing methods are
based on many simplifying assumptions and are not as rigorous as is desirable . The rec -
ommended procedures presented in this section should be looked upon as the long -
range goals to be accomplished in the future .

11 .1 .1 General Methodolog y

Figure 11 .1 shows a general methodology for flexible pavement design . In the figure, i t
is assumed that the materials to be used for the pavement structure are known a priori
and that only the pavement configuration is subjected to design iterations. If changing
the pavement configuration does not satisfy the design requirements, it might b e
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2. INPUT
MATERIAL PROPERTIES (Chap . 7)
CLIMATE INFORMATION (Chap. 1 & 11 )

3. CLIMATE MODELS (Chap . 11 )
HEAT TRANSFER
MOISTURE EQUILIBRIUM
INFILTRATION AND DRAINAGE

4. INPUT
TRAFFIC
(Chap . 6)

1 . ASSUME
PAVEMENT
CONFIGURATION

	1
5. STRUCTURAL

MODELS (Chap. 2 and 3 )

6. PAVEMENT RESPONS E
Q, e, W

7 . DESIGN RELIABILITY
(Chap. 10)

8. DISTRESS MODELS (Chap. 9 and 11 )
FATIGUE CRACKING, RUTTING,
LOW TEMPERATURE CRACKIN G

Satisfactory

9 . FINAL DESIGN

FIGURE 11 . 1

Methodology of calibrated mechanistic procedure for flexible pavement design .

necessary to change the types and properties of the materials to be used . Once a new
material is selected, the process is repeated until a satisfactory design is obtained . Also
shown in the figure are the chapters covering the appropriate subjects .

Explanation of Figure 11 .1

1. Pavement configuration includes the number of layers, the thickness of each
layer, and the type of materials .

2. The basic material properties for the structural models are the resilient moduli o f
HMA, base, subbase, and subgrade ; those for the distress models involve the var -
ious failure criteria, one for each distress . If temperature and moisture at differ -
ent times of the year vary significantly, it is unreasonable to use the sam e
modulus for each layer throughout the entire year . Each year should be divide d
into a number of periods, each with a different set of moduli based on the climat -
ic data specified .

3. Climatic models include the heat transfer model (Dempsey and Thompson, 1970 )
for determining the temperature distribution with respect to space and time, th e
moisture equilibrium model (Dempsey et al., 1986) for determining the final
moisture distribution in the subgrade, and the infiltration and drainage model
(Liu and Lytton, 1984) for predicting the degree of saturation of granular bases .
These models are described in Section 11 .1 .2 .
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4. Traffic should be divided into a number of load groups, each with different load
magnitudes and configurations and different numbers of load repetitions. When
the design is based on each type of distress, it is unreasonable to use an equiva-
lent single-axle load, because the equivalent factor for one type of distress is dif -
ferent from that for others. The load magnitude and configuration—for example ;
wheel spacing, contact radius, and contact pressure—are used in the structural
models, but the number of repetitions is used in the distress models .

5. The finite element models can analyze nonlinear pavement systems more realis-
tically than any other structural model by considering the variation of modulu s
within each layer . More about structural models is presented in Section 11 .1 .3 .

6. Pavement responses include stresses a-, strains e, and deflections w . Theoretical-
ly, only those responses that contribute to each distress should be evaluated b y
the structural models and used in the distress models . However, if the response s
can be related to surface deflections, it is possible to use surface deflections as
input to the distress models. The most attractive feature of surface deflections i s
that they can be easily, rapidly, and inexpensively measured by utilizing automati c
equipment .

7. Variabilities of materials, climate, traffic, and construction practice require th e
use of a probabilistic method to evaluate pavement distress . To determine the de -
sign reliability, the variances or coefficients of variation of some input parameters
reflecting materials, climate, traffic, and even layer thicknesses must also be spec -
ified in steps 1 to 4 so that the variances of a-, e, and w can be computed for use in
the distress models .

8. Distress models include fatigue cracking, rutting, and low-temperature cracking .
The roughness or performance model can also be included . If the reliability for a
certain distress is less than the minimum level required, the assumed pavemen t
configuration should be changed, and steps 5, 6, and 8 should be repeated, unti l
the required level of reliability is met. More about distress models is presented in
Section 11 .1 .4 .

9. The final design is selected when the assumed pavement thicknesses satisfy th e
reliability requirement for each type of distress .

11 .1 .2 Climate Model s

Temperature and moisture are significant climatic inputs for pavement design . The
modulus of the HMA depends on pavement temperature ; the moduli of the base, sub -
base, and subgrade vary appreciably with moisture content . Report 1-26 indicated tha t
the current technology, as utilized in the climatic–materials–structural (CMS) model
developed at the University of Illinois (Dempsey et al., 1986), is adequate for charac -
terizing the pavement temperature regime, but that the capabilities for moisture mod -
eling are not as advanced as those for temperature modeling . The strength and
modulus of cohesive soils (and of granular materials with a high percentage of fines )
are very sensitive to even a small change in moisture content, say ±1% . Report 1-2 6
also indicated that the moisture equilibrium model in the CMS model for determinin g
subgrade moisture is a reasonable and practical choice for design purpose.
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Heat Transfer Model The heat transfer model was originally developed at the Univer -

sity of Illinois (Dempsey and Thompson, 1970) for evaluating frost action and tempera -
ture regime in multilayered pavement systems. The model applies the finite difference
method to solve the following Fourier equation for one-dimensional heat flow :

z

at = a ai

	

(11 .1 )

Here, T is the temperature, t is the time, z is the depth below surface, and a is the ther-
mal diffusivity, which is related to the thermal conductivity and heat capacity of th e
pavement materials . Given the initial temperature distribution and the two boundary
conditions (at the pavement surface and at a depth H below the surface), Eq . 11 .1 can
be solved .

Convection and radiation play a dominant role in transferring heat between th e
air and the pavement surface, whereas conduction plays a separate role in transferrin g
heat within the pavement system . The total depth His a variable input parameter in th e
heat transfer model . It can be determined from a study of deep soil temperatures at a
given geographic location . For example, studies of soil temperatures in northern Illinois
have indicated that the ground temperature is about 51°F (10 .6°C) 12 ft (3 .7 m) below
surface. The temperature at this depth can be used as a boundary to solve Eq . 11 .1 .

Inputs to the heat transfer model are the climatic data and the thermal propertie s
of paving materials and soils. The climatic data include maximum and minimum daily
air temperatures, percent sunshine, and wind speed . The thermal properties includ e
thermal conductivity, heat capacity, and latent heat of fusion . The model recognizes
three sets of thermal properties, depending on whether the material is in an unfrozen ,
freezing, or frozen condition . To facilitate the application of the heat transfer model t o
various pavement-related problems, a comprehensive climate data base for the state o f
Illinois was developed by Thompson et al. (1987) .

Moisture Equilibrium Model The moisture equilibrium model in the CMS mode l
(Dempsey et al., 1986) is based on the assumption that the subgrade cannot receiv e
moisture by infiltration through the pavement. Any rainwater will drain out quickly
through the drainage layer to the side ditch or longitudinal drain, so the only water i n
the subgrade is the capillary water caused by the water table. Because of the thermo-
dynamic relationship between soil suction and moisture content, a simple way to de-
termine the moisture content in a soil is to determine its suction, which is related to the
pore water pressure .

Figure 11 .2 shows the suction–moisture curves for five different soils with varying
clay contents, as indicated by the numerals in parentheses under each soil title . These
curves were obtained in the laboratory by drying tests, in which different levels of vac -
uum or suction were applied to a wet soil specimen until the moisture was reduced t o
an equilibrium value . The suction is expressed in the pF scale, which is the logarithm of
water tension in cm, as defined by Schofield (1935) . The corresponding values in terms
of psi are shown on the left scale.

It can be seen that suction increases as the moisture content decreases or the cla y
content increases. The increase in suction is due to the smaller menisci formed between
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FIGURE 11 . 2
Soil suction—moisture content curves for different soils (1 psi = 6 .9 kPa) .
(After Road Research Laboratory (1952) )

soil particles . In the CMS model, empirical relationships were used to define th e
suction—moisture curve based on the liquid limit, the plasticity index, and the saturate d
moisture content of the soil .

When there is no loading or overburden pressure, suction is equal to the negativ e
pore pressure. When a load or overburden is applied to an unsaturated soil with a give n
moisture content or suction, the suction or moisture content remains the same but th e
pore pressure becomes less negative . The relationship between suction and pore pres -
sure can be expressed as

u=S+ap

	

(11.2)

in which u is the pore pressure when soil is loaded ; S is the soil suction, which is a neg -
ative pressure ; p is the applied pressure (or overburden), which is always positive ; and
a is the compressibility factor, varying from 0 for unsaturated, cohesionless soils to 1
for saturated soils . For unsaturated cohesive soils, a is related to the plasticity index PI
by (Black and Croney, 1957)

a = 0.03xPI

	

(11 .3 )

The pore pressure in a soil depends solely on its distance above the ground-water
table :

u = — zyw

	

(11.4)

Here, z is the distance above the water table, and y w is the unit weight of water. This
simple fact can be explained by considering soils as a bundle of capillary tubes wit h
varying sizes. Water will rise in each of these capillary tubes to an elevation that de-
pends on the size of the tube . At any distance z above the water table, a large numbe r
of menisci will form at the air—water interfaces, causing a tension at each elevatio n
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corresponding to the height of capillary rise . Combining Eqs. 11 .2 and 11 .4 yield s

S = —zyw — ap

	

(11 .5 )

The procedures for determining the equilibrium moisture content at any point in
a pavement system can be summarized as follows :

1. Determine the distance z from the point to the water table .

2. Determine the loading or overburden pressure p .

3. Determine the compressibility factor a from Eq . 11 .3 .
4. Determine the suction S from Eq . 11 .5 .

5. Determine the moisture content from the suction–moisture curve .

Example 11 .1 :

Figure 11 .3 shows an 8-in . (203-mm) full-depth asphalt pavement on a subgrade composed of tw o
different materials. The top 16 in . (406 mm) of subgrade is a Culham sand ; below it is a Norton
clay with a PI of 18 . The relationship between the suction and moisture content of these two soil s
is shown in Figure 11 .2 . The water table is located 12 in . (305 mm) below the top of the clay. The
unit weight y of each material is shown in the figure . Predict the moisture contents at point A on
top of the clay, point B at the bottom of the sand layer, and point C on top of the sand layer .

HMA

	

y = 145 pcf

	

_ 8 in .

0'C
Culham Sand

	

y = 120 pcf

	

16 in .
B

Norton Clay

	

A
y — 125 pcf

	

12 in .PI = 18

Water Table

Solution : At point A, the overburden pressure p = (8 x 145 + 16 x 120)/12 = 256 .7 psf.
From Eq. 11.3, a = 0 .03 x 18 = 0 .54 . From Eq. 11 .5, S = -1 x 62 .4 – 0 .54 x 256 .7 =
-201.0 psf = -1 .40 psi . From Figure 11 .2, the moisture content is 38% .

At point B, a = 0 and, from Eq. 11 .5, S = -62.4 psf = -0 .43 psi. From Figure 11 .2, the
moisture content is 21 % .

At point C, from Eq. 11 .5, S = –(12 + 16) x 62 .4/12 = -145.6 psf = 1 .01 psi . From
Figure 11 .2, the moisture content is 19 .5% .

Infiltration and Drainage Model The infiltration and drainage model developed by
Texas A&M University (Liu and Lytton, 1984) can be used to evaluate the effects o f
rainfall on the degree of saturation and the resilient moduli of the base course and sub -
grade. The degree of saturation for the base and the subgrade is predicted daily by con-
sidering the probability distribution of the amount of rainfall, the probabilities of we t
and dry days, the infiltration of water into the pavement through cracks and joints, the

	V	 	 FIGURE 11 .3

Example 11 .1 (1 in . = 25 .4 mm ,
1 pcf = 157 .1 N/m3 ) .
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drainage of the base course, and the wet and dry probabilities of pavement sublayers .
Under a FHWA contract, Texas A&M University is in the process of upgrading th e
infiltration and drainage model . A research study has been initiated by the FHWA t o
combine the CMS model, the infiltration and drainage model, and the frost model ,
which is a mathematical model of coupled heat and moisture flow in soils developed b y
the Cold Regions Research and Engineering Laboratory (Johnson et a1.,1986) .

11 .1 .3 Structural Model s

Report 1-26 recommended the use of elastic layer programs (ELP) and the ILLI-
PAVE finite element program for the development of a future AASHTO design guide .
It suggested the use of the modulus–depth relationship obtained from ILLI-PAVE t o
establish the various moduli for the ELP, thus capitalizing on the stress-sensitive fea -
ture of ILLI-PAVE and the multiple wheel capability of ELP .

Finite Element Models The two finite element models, ILLI-PAVE and MICH-
PAVE, are described in Section 3 .3 .2 . One limitation of ILLI-PAVE and MICH-PAV E
is the representation of wheel loading by a single circular area . As shown in Figure 3 .24 ,
the use of a single wheel to replace a set of duals is unsafe for thin asphalt pavements
because the larger contact radius of a single wheel makes the tensile strain at the bot -
tom of the asphalt layer smaller under a single wheel than under dual wheels . A finit e
element program capable of analyzing multiple wheels is highly desirable . Although
the program will be very complex and will require an extensive interpolation and su-
perposition of stresses, there is no reason that such a program cannot be developed .
When the iteration method is used for nonlinear analysis, the superposition principl e
can still be applied . The system is considered linear during each iteration, and th e
stresses due to various wheel loads can be superimposed to determine the modulus of
each element.

Elastic Layer Programs A large number of elastic layer programs are available .
Three programs were used to compare results with KENLAYER: ELSYM5 in Table 3 .3 ,
VESYS in Table 3 .5, and DAMA in Tables 3 .6 and 3 .7 . KENLAYER (as presented in
this book) is believed to be the most comprehensive structural model . It considers a
variety of cases not available elsewhere and can be applied to layer systems consistin g
of linear elastic, nonlinear elastic, and viscoelastic materials under single- and multiple -
wheel loads.

A major deficiency of KENLAYER is the nonlinear analysis, wherein a stres s
point must be specified for each nonlinear layer to compute its modulus for the state of
the stresses. The assumption of a uniform modulus throughout each nonlinear layer is
not theoretically correct, but its effects on the critical pavement responses are believe d
to be small . The most critical responses always occur near the loads, and the layer mod -
uli near the loads have the most effect, so a stress point directly under the center of a
single wheel or between the centers of dual wheels can reasonably be selected. It was
demonstrated in Section 3 .3 .2 that, by dividing a nonlinear granular layer into a num -
ber of 2-in . (51-mm) layers, KENLAYER could yield critical strains very close to thos e
obtained by MICH-PAVE .
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11 .1 .4 Distress Model s

Distress models are sometimes called transfer functions that relate structural responses to
various types of distress. Distress models are the weak link in the mechanistic-empirica l
methods, and extensive field calibration and verification are needed to establish reliabl e
distress predictions.

Usable transfer functions for HMA fatigue and subgrade rutting are available,
but those for the rutting of HMA and granular materials are marginal and requir e
further development . Report 1-26 indicated that the use of the "rutting rate" concept
advanced by Ohio State University (Majidzadeh et al., 1976) appears to be very
promising, because it can be applied to all paving materials, including HMA, granula r
materials, and fine-grained soils. The report also recommended the use of th e
Shahin-McCullough thermal cracking model (1972) as a checking procedure to asses s
the thermal cracking potential after the thickness design is completed ; if it is unsatis-
factory, a softer asphalt cement should be used. Because HMA rutting is the major
cause of permanent deformation on heavily traveled pavements with thick HMA, th e
design procedure may be simplified by checking the rutting potential after the thick-
ness design is completed . If it is unsatisfactory, the selection of different mixture
design procedures and practices should be made until the rut depth is reduced to th e
acceptable limit .

Fatigue Cracking Models Miner's (1945) cumulative damage concept has been wide -
ly used to predict fatigue cracking . It is generally agreed that the allowable number o f
load repetition is related to the tensile strain at the bottom of the asphalt layer . The
amount of damage is expressed as a damage ratio between the predicted and the al-
lowable number of load repetitions . Damage occurs when the sum of damage ratio s
reaches the value 1 . Because of variabilities, damage will not occur all at once when th e
ratio reaches exactly 1 . If mean parameter values are used for design, a damage ratio o f
1 indicates that the probability of failure is 50%—that is, that 50% of the area will ex-
perience fatigue cracking. By assuming the damage ratio to have a log normal distribu -
tion, the probability of failure, or the percentage of area cracked, can be computed an d
checked against field performance .

The major difference in the various design methods is the transfer functions tha t
relate the HMA tensile strains to the allowable number of load repetitions. In the As-
phalt Institute and Shell design methods, the allowable number of load repetitions Ni
to cause fatigue cracking is related to the tensile strain e t at the bottom of the HMA
and to the HMA modulus E2 by

Nf = ff(et)-fz (E1 ) fs

	

(3 .6)

For the standard mix used in design, the Asphalt Institute equation for 20% of are a
cracked is

Nf = 0.0796(et)-3 .291 (El)-°854

	

(11 .6 )

and the Shell equation is

Nf = 0.0685(et)-5 .671 (E1)-2.363

	

(11 .7)
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Because f2 is much greater than f3 , the effect of e t on Nf is much greater than that o f
E l . Therefore, the E l term may be neglected :

Nf = fi(Et)
-f2

	

(11 .8)

Equation 11 .8 has been used by several agencies :
Illinois Department of Transportation (Thompson, 1987 )

Nf = 5 X 10-6
(Et )-3 .o

	

(11 .9)

Transport and Road Research Laboratory (Powell et al., 1984)

Nf = 1 .66 x 10-10 (Et )-4 .3 2

Belgian Road Research Center (Verstraeten et al., 1982)

Nf = 4.92 x 10—14
(Et )—4 .7 6

It can be seen that the exponent f2 of the fatigue equations varies from 3 .0 to
5 .671, but the coefficient fl varies over several orders of magnitude—from 5 x 10 -6 to
4 .92 X 1 0-14 . The exponents f2 and f3 are usually determined from fatigue tests on lab -
oratory specimens, but fl must shift from laboratory to field values by calibration. Pell
(1987) indicated that the shift factor can range from 5 to 700 . Differences in materials,
test methods, field conditions, and structural models imply that a large variety of trans -
fer functions is expected . No matter what transfer function is used, it is important t o
calibrate the function carefully, by applying an appropriate shift factor, so that th e
predicted distress can match field observations .

Rutting Models Two procedures have been used to limit rutting : one to limit the ver -
tical compressive strain on top of the subgrade, the other to limit the total accumulate d
permanent deformation on the pavement surface based on the permanent deforma-
tion properties of each individual layer . In the Asphalt Institute and Shell design meth -
ods, the allowable number of load repetitions Nd to limit rutting is related to the
vertical compressive strain e c on top of the subgrade by

Nd = f4 (Ec)-f
.'

	

(11 .7 )

Equation 3 .7 is also used by several other agencies, with the values for f4 and fs shown
in Table 11 .1 .

As can be seen from Table 11 .1, the exponent f5 falls within a narrow range, bu t
the coefficient f4 varies a great deal . Both f4 and f5 should be calibrated by comparing
the predicted performance with field observations .

In the subgrade strain method, it is assumed that, if the subgrade compressive
strain is controlled, reasonable surface rut depths will not be exceeded . For example ,
designs by the Asphalt Institute method are expected not to have a rut depth greater
than 0 .5 in . (12 .7 mm), and designs by the TRRL procedure are expected not to have a
rut depth of more than 0 .4 in . (10 .2 mm). The Shell method has a suggested procedur e
for estimating permanent deformation, as shown by Eq . 7 .51 . Without such a proce-
dure, HMA rutting can best be addressed by improving the material selection and
mixture design .
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TABLE 11 .1 Subgrade Strain Criteria Used by Various Agencie s

Agency

	

f4

	

fs

	

Rut depth (in. )

Asphalt Institute 1 .365 x 10-9 4 .477 0 .5
Shell (revised 1985 )

50% reliability 6 .15 x 10-7 4 .0
85% reliability 1 .94 x 10-7 4. 0
95% reliability 1 .05 x 10-7 4. 0

U.K . Transport & Road Research 6 .18 x 10-8 3 .95 0 .4
Laboratory (85% reliability)

Belgian Road Research Center 3 .05 x 10-9 4 .3 5

Note . 1 in. = 25.4 mm .

Unless standard thicknesses and materials are used for design, the evaluation o f
surface rutting based on the subgrade strain does not appear to be reasonable . Under
heavy traffic with thicker HMA, most of the permanent deformation occurs in th e
HMA, rather than in the subgrade . Because rutting is caused by the accumulation o f
permanent deformation over all layers, it is more reasonable to determine the perma-
nent deformation in each layer and sum up the results, as described by the direct
method in Section 7 .4 .1 .

Many methods are available to determine rut depth. The VESYS method was de -
scribed in Section 7 .4 .1 . In VESYS-V, a new option similar to the direct method wa s
added. In this section, only the Ohio State model, which was recommended in Repor t
1-26, is described.

Similar to VESYS, the Ohio State model also assumes a linear relationship be-
tween permanent strain Ep and number of load repetitions N when plotted in log scales .
However, instead of total rutting, the rutting rate is considered, as indicated by

in which A is an experimental constant depending on material type and state of stres s
and m is an experimental constant depending on material type . Figure 11 .4 shows typi-
cal straight-line relationships between log( E p/N) and log N of HMA specimens unde r
different stress and temperature conditions . All lines are nearly parallel, indicating that
the value of m, which is the slope of the straight lines, is a constant independent of th e
levels of stress and temperature .

Equation 11 .12 can be written a s

E p = A(N)1-m (11 .13 )

Compared with Eq . 7 .41 in VESYS,

m = a (11 .14a)

and

Ep,
A= (11 .14b)

1—a
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FIGURE 11 . 4
Typical relationship between e P/N and N fo r
HMA specimens (1 psi = 6.9 kPa) . (After
Khedr (1986))
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VESYS calls the permanent deformation parameters a and Ohio State calls
them A and m . To facilitate the computation of permanent deformation without subdi -
viding the system into a large number of layers, VESYS relates the permanent strain E p

to the resilient strain e ; the Ohio State model applies the direct method and defines th e
parameter A directly as a material property . Khedr (1986) conducted a large number o f
repeated load tests on HMA specimens and found a straight-line relationship betwee n
log A and log(MR /o-d ), as shown in Figure 11 .5 . Therefore, the value of A can b e
expressed as

/M )—b
A = aI	 R

	

= a( E ) b

cr d

in which a and b are material constants, e is the resilient strain, MR is the resilient mod -
ulus, and ad is the applied stress.

A comparison of Egs.11 .14b and 11 .15 shows that VESYS assumes that the para -
meter A is proportional to E, whereas the Ohio State model assumes that A is propor -
tional to (E) b . It was reported that rut depths were generally seriously underpredicted
by VESYS (Rauhut et al., 1977) . The addition of a new material constant, b, certainl y
gives the Ohio State model more flexibility in predicting rut depths. The final form of
the Ohio State model is

Ep = a(E)b
(N) 1—m

	

(11 .16 )

Considerable experimental data (Majidzadeh et al., 1976, 1978 ; Khedr, 1985) indi -
cate that m varies within a narrow range for cohesive soils and granular materials . A
typical value is 0 .88 for cohesive soils and 0 .8 for granular materials. The A term i s
quite variable and is dependent on material properties, repeated stress states, and envi -
ronmental conditions . Several equations were developed to relate A to these parame-
ters . When A and m are known for each material in the pavement, the rut depth, or th e
permanent deformation on the surface, can be determined by the direct method, as de -
scribed in Section 7 .4 .1 .
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FIGURE 11 . 5
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Thermal Cracking Models There are two forms of thermal cracking in asphalt pave-
ments: low-temperature cracking, and thermal fatigue cracking . The mechanism of low-
temperature cracking is illustrated in Figure 11 .6 . When the pavement temperatur e
decreases, the tensile stress always increases, but the tensile strength increases only to a
maximum and then decreases. Low-temperature cracking occurs when the therma l
tensile stress in the HMA exceeds its tensile strength . If the tensile stress is smaller

FIGURE 11 . 6
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1 . INPUT WEATHER DATA, ASPHALT PROPERTIE S
HMA PROPERTIES, DESIGN PERIO D

2. CALCULATE HOURLY PAVEMENT TEMPERATUR E

3. EVALUATE EFFECT OF AGING ON ASPHALT PROPERTIE S

4. DETERMINE HMA STIFFNES S

5. COMPUTE MAXIMUM TENSILE STRESS & STRAIN FOR EACH DAY

6. COMPUTE CORRESPONDING TENSILE STRENGT H

7. PREDICT LOW-TEMPERATURE CRACKING

8. PREDICT THERMAL FATIGUE CRACKIN G

9. SUM BOTH TYPES OF CRACKIN G

FIGURE 11 . 7
Analysis procedures for Shahin—McCullough model .

than the tensile strength, the pavement will not crack under a single daily temperatur e
cycle but could still crack under a large number of cycles . This is called thermal fatigue
cracking, which occurs when the fatigue consumed by daily temperature cycles exceeds
the HMA fatigue resistance .

Several mechanistic thermal cracking models are available—for example, those
developed by Finn et al. (1986), Ruth et al. (1982), Lytton et al. (1983), and Shahin and
McCullough (1972) . The latter two are the most comprehensive models that examine
both low-temperature and thermal fatigue cracking and were recommended by Report
1-26 for further studies . They use the same basic structure to examine the accumulation
of damage but with very different approaches . The model developed by Lytton et al.

is more theoretical and is based on the principles of viscoelastic fracture mechanics ,
whereas that from Shahin and McCullough is more phenomenal and much easier t o
understand . Figure 11.7 shows how thermal cracking is analyzed in the Shahin–
McCullough model .
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Explanation ofFigure 11 . 7

1. Weather data include mean annual air temperature, annual range in air tempera-
ture, daily range in air temperature, mean annual solar radiation, July averag e
solar radiation, mean annual wind velocity, and surface absorptivity . Asphalt
properties include original penetration, original softening point, and percentag e
of penetration after the thin film oven test . HMA properties include thermal con-
ductivity, specific heat, density, mix composition, coefficient of thermal contrac -
tion, maximum tensile strength, and fatigue characteristics .

2. From the mean annual air temperature, the mean annual solar radiation, and th e
July average solar radiation, the mean daily air temperature and mean daily sola r
radiation can be estimated . For each day, the hourly temperatures at a designate d
point in the pavement, usually on the pavement surface where the thermal crack -
ing initiates, can be computed by a modified version of Barber's equation (1957) .

3. The effect of aging on penetration and the ring and ball softening point of the as-
phalt was considered by two empirical equations . The penetration at any tim e
after HMA placement is a function of time duration, original penetration, per-
centage of void in HMA, and percentage of original penetration after the thi n
film oven test . The softening point is a function of time duration, original soften -
ing point, and the percentage of original penetration after the thin film test . Both
equations were used in conjunction with the Van der Poel nomograph to estimat e
the asphalt stiffness as a function of time .

4. Van der Poel 's nomograph, shown in Figure 7 .19, was applied to estimate th e
stiffness of asphalt, which was then used to determine the stiffness of HMA ,
based on the volume concentration of the aggregate . Two techniques were estab -
lished to computerize the nomograph . The first technique, which is more accurat e
but is limited to three loading times (0 .01 s, 0 .02 s, and 1 h), is to convert th e
nomograph to a computerized form. The second technique, which is less accurat e
but can be extended to other times of loading, is to develop predictive model s
through the use of regression .

5. Thermal stresses can be estimated by assuming the temperature drop to b e
uniform and dividing it into equal intervals AT of 1-h duration. Starting from th e
maximum temperature and going down on a hourly basis to the minimum tem-
perature, estimate the stiffness at the middle of the temperature interval . The
increase in thermal stress can be expressed a s

0o-(t, OT) = at OTSm (t, OT)

	

(11 .17 )

in which 0o-(t, OT) is the increase in thermal stress for a given time of loading t
and temperature interval OT; a t is the coefficient of thermal contraction ; and Sm
is the HMA stiffness at a given time of loading and at the mean value of AT . The
increments of thermal stresses obtained from Eq. 11 .17 are accumulated to esti -
mate the maximum stress and strain for that day :

r(t, T) = atE {OTSm (t, OT)}

	

(11 .18)
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In solving Eq. 11 .18, it is assumed that the stress and strain are negligible at th e
end of each day and that the maximum daily stress occurs at the minimum daily
pavement temperature as a result of accumulation of thermal stress increment s
during the day. Asphalt stiffness is affected strongly by the loading time, which i s
not the time corresponding to AT but depends on the rate of temperature drop .
The time of loading was determined by matching the maximum thermal stres s
measured in a laboratory specimen under the given rate of temperature dro p
with that computed from Eq . 11 .18 .

6. The extent of low-temperature cracking is evaluated by comparing the maximu m
tensile stress a- with the tensile strength H of HMA at the corresponding temper -
ature. The temperature—strength relationship can be specified directly or can b e
computed by Heukelom's procedure (1966) based on the maximum HMA tensil e
strength .

7. Given the coefficients of variation of a t , T, and Sm , the variance of a- can be
determined, which, in combination with the variance of H, results in the total
variance . If both stress and strength are normally distributed random variables ,
the probability of failure, which indicates the percentage of area cracked, can b e
determined from

Probability (failure) = Probability (ci — H > 0) (11 .19 )

The area of cracking can be converted to linear cracking by assuming that 1 f t
(0 .3 m) of linear cracking is equivalent to 5 ft 2 (0.46 m2 ) of area cracking. Note
that, in VESYS, 1 ft (0 .3 m) of low-temperature cracking is equivalent t o
3 ft2 (0.28 m2 ) of area cracking.

8. The analysis of thermal fatigue cracking is similar to that of fatigue crackin g
under repeated loading . Indeed, same fatigue equation can be used :

/
Nf = Kt I 1

)K2
(10 .68)

E t

In this equation, Nf is the allowable number of cycles to cause fatigue cracking
under tensile strain E t , and Kl and K2 are fatigue constants based on constant
strain tests. Because Kt and K2 vary with the HMA stiffness, two sets of values ,
one at a very low stiffness and the other at a very high stiffness, must be specified ;
then the values at any intermediate stiffness can be interpolated . There is onl y
one thermal cycle per day, so the damage ratio can be expressed a s

c = E

	

(11.20)
t=i vt

in which n is the number of days and Ni is the allowable number of repetitions fo r
the ith day. If N is assumed to have a log normal distribution with a given stan-
dard deviation, then the probability of failure can be determined fro m

Probability (failure) = Probability (log c > 0)

	

(11 .21 )

For easy understanding, the procedure described above is slightly differen t
from the original report by Shahin and McCullough (1972), but the basic principle
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is the same. The probability of failure is the percentage of cracked area, which can
be converted to linear cracking by multiplying by 0 .2.

9 . Low-temperature cracking and thermal fatigue cracking can be summed t o
estimate total cracking for a specified time after construction.

Example 11 .2 :

Given a tensile stress a- of 100 psi (690 kPa) with a coefficient of variation of 0 .3 and a tensil e
strength H of 150 psi (1 .04 MPa) with a coefficient of variation of 0 .2, estimate the length of
crack in ft per 1000 ft2.

Solution: The variance of (a- - H)is(0 .3 x 100) 2 + (0.2 X 150) 2 = 1800 (psi) 2 or the
standard deviation of (cr – H) _ x/1800 = 42 .4 psi (293 kPa) . The mean of (a- - H) i s
100 – 150 = -50, so the normal deviate for (Q – H) = 0 is z = [0 – (–50)]/42 .4 = 1 .18 .
From Table 10 .1, (z) = 0 .381, so there is 11 .9% probability that (Q – H) is greater than O . Th e
area cracked is 0 .119 x 1000 = 119 ft2 /1000 ft2 , or the length cracked is 119/5 = 23 .8 ft/1000 ft2
(78 .1 m/1000 m 2 ) .

11 .2 ASPHALT INSTITUTE METHO D

From 1954 to 1969, eight editions of Manual Series No. 1 (MS-1) were published by the
Asphalt Institute for the thickness design of asphalt pavements . The procedures recom-
mended in these manuals were empirical . The seventh and eighth editions of MS-1 were
based on data from the AASHO Road Test, the WASHO Road Test, and a number o f
British test roads and on comparisons with the design procedures of the U.S . Army Corps
of Engineers and of some state agencies. In 1981, the ninth edition of MS-1 was published .
Unlike previous editions, the ninth edition is based on mechanistic–empirical methodolo -
gy and uses the mechanistic multilayer theory in conjuction with empirical failure cri -
teria to determine pavement thicknesses . Based on the results from a computer
program named DAMA, a series of design charts covering three different temperature
regimes were developed . However, only the charts for one regime, which represents a
large part of the United States, were included in MS-1 . In 1991, a revision of the nint h
edition of MS-1 was made, in which charts for all three temperature regimes were in-
cluded (AI, 1991) . Details about the DAMA program are presented in Section 3 .3 .4 .

11 .2.1 Design Criteri a

As has been explained in previous chapters, two types of strains have frequently bee n
considered the most critical for the design of asphalt pavements . One is the horizontal
tensile strain e t at the bottom of the asphalt layer, which causes fatigue cracking ; the
other is the vertical compressive strain ee on the surface of the subgrade, which cause s
permanent deformation or rutting . These two strains are used as failure criteria in the
Asphalt Institute method .

Fatigue Criterion The fatigue equation employed by the Asphalt Institute is dis-
cussed in Section 7 .3 .1 . For a standard mix with an asphalt volume of 11°k and an air
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void volume of 5%, the equation is

Nf = 0.0796(et ) -3291
IE = I

-0854

	

(7 .38 )

in which Ni is the allowable number of load repetitions to control fatigue cracking an d
IE * I is the dynamic modulus of the asphalt mixture. If the asphalt or air void volume i s
different from 11 or 5%, a correction factor C, shown by Eq . 7 .37, must be applied .
However, Eq . 7 .38, based on the standard mix, was used to develop the design charts . I t
was reported that the use of Eq . 7 .38 would result in fatigue cracking of 20% of th e
total area, as observed on selected sections of the AASHO Road Test (AI, 1982) .

Permanent Deformation Criterion The allowable number of load repetitions t o
control permanent deformation can be expressed as

Nd = 1.365 x 10-9 (E,)-4 .477

	

(11 .22)

Equation 11 .22 was used to develop the design charts. As long as good compaction o f
the pavement components is obtained and the asphalt mix is well designed, the use of
Eq. 11 .22 should not result in rutting greater than 0 .5 in . (12 .7 mm) for the design traffic.

11 .2 .2 Traffic Analysis

Methods for traffic analysis are discussed in Section 6 .4 . Load repetitions, expressed i n
terms of an 18-kip (80-kN) single-axle load, are determined from traffic estimates b y
using AASHTO equivalent factors for a structural number SN of 5 and a terminal ser -
viceability index pr of 2 .5, as shown in Table 6 .4 .

Determination of Design ESAL The procedure for determining the design ESAL
can be summarized as follows :

1. Estimate the number of vehicles of different types, such as passenger cars, single -
unit trucks (including buses), and multiple unit trucks of various types, expecte d
on the proposed facility. In the United States, traffic classification counts are
made periodically by state highway and other agencies and should be availabl e
for use in pavement design . If the total number of trucks can be estimated but the
classification is not known, Table 6 .9 can be used as a guide .

2. Determine the number of each type of truck on the design lane during the firs t
year of traffic. For two-lane highways, the design lane may be either lane of the
pavement facility. Under some conditions, more trucks may travel in one direc -
tion than in the other . In many locations, heavily loaded trucks will travel in one
direction, but empty trucks in the other. In the absence of specific data, Table 6 .1 5
may be used for determining the relative proportion of trucks to be expected o n
the design lane .

3. Determine a truck factor for each vehicle type . Truck factor is defined as the
number of 18-kip (80-kN) axle load applications contributed by one passage of a
truck. The computation of the truck factor is described in Section 6 .4 .2 and illus -
trated in Table 6 .11 . Typical truck factors are given in Table 6 .10 . If only the total
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number of trucks is known, it is not necessary to divide the number into differen t
types according to Table 6 .9 . The equivalent 18-kip (80-kN) single-axle load ap-
plications can be obtained directly by multiplying the total number of trucks wit h
the truck factor for all trucks shown at the bottom of Table 6 .10.

4. For the given design period, select from Table 6 .13 a single growth factor for al l
trucks or separate factors for each truck type, as appropriate .

5. Multiply the number of trucks of each type by the truck factor and the growt h
factor and sum the values determined to obtain the design ESAL .

Example 11 .3 :

Table 11 .2 shows a four-lane rural highway with the number of trucks during the first year on th e
design lane shown in column 2 and the truck factor in column 3 . If the annual growth rate is 4% ,
determine ESAL for a design period of 20 years.

TABLE 11 .2

	

Example for Traffic Analysis

Vehicle Number of Truck Growth ESA L
type (1) vehicles (2) factor (3) factor (4)

	

(2 x 3 x 4) (5 )

Single-unit truck s
2 axles, 4 tires 78,800 0.003 29.8 7000
2 axles, 6 tires 13,200 0.25 29 .8 98,300
3 axles or more 3900 0.86 29 .8 100,000
All singles 95,900 205,300

Tractor semitrailers and combination s
4 axles or less 3900 0.92 29 .8 106,900
5 axles 30,200 1 .25 29.8 1,125,000
6 axles or more 1300 1 .54 29 .8 59,700
All tractors, etc . 35,400 Subtotal 1,291,000

All trucks 131,300 Design ESAL = 1,496,900

Solution: With the annual growth rate being 4% and the design period being 20 years, fro m
Table 6 .13, the growth factor is 29 .8, as shown by column 4 in Table 11 .2 . Column 5 is the produc t
of columns 2, 3, and 4 . The sum of column 5 is 1,496,900, which is the design ESAL .

It is interesting to note that column 2 is based on an AADT of 4000, 20% trucks, 45% i n
the design lane, and an average truck distribution shown in Table 6 .9 under "Other Principal" o f
rural systems, and that column 3 is the average truck factor in Table 6.10 under the same catego-
ry. Actually, the ESAL can be obtained directly by multiplying the total number of trucks by th e
truck factor for all trucks, or ESAL = 131,300 x 0 .38 X 29 .8 = 1,486,800 (which is slightly dif-
ferent from the 1,496,900 shown in Table 11 .2, due to round-off error) .

Simplified Procedure for Determining Design ESAL If detailed traffic data are no t
available, the Asphalt Institute recommends the use of Table 11 .3 for estimating the
design ESAL (AI, 1981b) . This simplified procedure separates traffic into six classes ,
each associated with a type of highway or street and an average number of heav y
trucks expected on the facility during the design period . Heavy trucks are defined as
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TABLE 11 .3 Traffic Classification

Traffic
class

Type of
street or highway

Range of heav y
trucks expected
in design period ESAL

I Parking lots, driveways Less than 7000 5 x 103

II

Light traffic residential streets
Light traffic farm road s
Residential streets 7000 to 104
Rural farm and residential roads 15,000

III Urban minor collector streets 70,000 to 105
Rural minor collector roads 150,000

IV Urban minor arterial and 700,000 to 106
light industrial streets 1,500,000

V

Rural major collector an d
minor arterial highway s
Urban freeways, expressways, and 2,000,000 to 3 x 106
other principal arterial highways 4,500,000

VI

Rural interstate and othe r
principal arterial highway s
Urban interstate highways 7,000,000 to 107
Some industrial roads 15,000,000

Note . Whenever possible, more rigorous traffic analysis should be used for roads and street s
in traffic category IV or higher .
Source . AI (1981b) .

two-axle, six-tire trucks or larger . Pickup, panel, and light four-tire trucks are not in -
cluded . The ESAL shown for each class can be used for design purposes .

11 .2.3 Material Characterizatio n

The material properties to be used for analysis include the resilient moduli and Poisso n
ratios of subgrade, granular base, and asphalt layer. Poisson ratios can be reasonably
assumed as 0 .45 for subgrade soils and 0 .35 for all other materials .

Subgrade Soils The resilient modulus used in this design procedure is the normal re -
silient modulus, which is not representative of times when the subgrade is freezing o r
thawing. It can be determined from the resilient modulus test or correlated with othe r
tests, such as CBR or R values, as described in Section 7 .1 .6 . To determine a represen -
tative resilient modulus, substantial testing of subgrade materials within 2 ft (0 .6 m) of
the planned subgrade elevation is required . If significant variations are present, ran-
dom sampling should be done to determine the controlling soil type or the boundarie s
between different soils. If the soil types are significantly different and each soil cover s
a sufficiently large area, consideration should be given to subdividing the project fo r
separate designs.

At least six to eight test values are usually used to determine the design subgrad e
resilient modulus. The design subgrade resilient modulus is defined as the modulus
value that is smaller than 60, 75, or 87 .5% of all the test values . These percentages are
known as percentile values and are related to traffic levels, as shown in Table 11 .4 .
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TABLE 11 .4 Design Subgrade Resilient Modulu s

Traffic level

	

Design resilient modulu s
ESAL

	

percentile value (%)

104 or less 60 . 0
Between 104 and 106 75 . 0
10 6 or more 87 . 5

Source. After AI (1981a) .

Example 11 .4 :

The results of eight tests produced the following subgrade resilient modulus values ; 6200, 7800, 8800 ,
9500, 10,000, 11,300, 11,900, and 13,500 psi (42 .8, 53 .8, 60.7, 65.6, 69 .0, 78 .0, 82 .1 and 93 .2 MPa) .
Determine the design subgrade resilient modulus for ESAL of 104 , 105 , and 10 6

TABLE 11 .5 Computation of Percentile Valu e

Test value Number equal to Percent equal to
(psi) or greater than or greater than

13,500 1 12 . 5
11,900 2 25 .0
11,300 3 37 . 5
10,000 4 50 .0

9500 5 62 . 5
8800 6 75 .0
7800 7 87 . 5
6200 8 100 .0

Note . 1 psi = 6 .9 kPa.
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Solution: The percentile values are calculated in Table 11 .5. From Table 11 .4, the percentile val-
ues for ESAL of 10 4 ,105 , and 106 are 60, 75, and 87 .5%, respectively. It can be estimated fro m
Table 11 .5 that the design resilient moduli corresponding to the 60, 75, and 87 .5 percentile values ar e
9600, 8800, and 7800 psi (66 .2, 60 .7, and 53 .8 MPa), respectively. For more accurate results, it i s
preferable to plot the percentile values versus the subgrade resilient moduli, as shown in Figure 11 .8,
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and to draw a smooth curve to correct any irregularities . Note that, at 75 percentile, the resilien t
modulus determined from Figure 11 .8 is 8700 psi (60 MPa), which is slightly different from the
original 8800 psi (60 .7 MPa) .

Untreated Granular Materials The effect of stresses on the resilient modulus of gran -
ular materials is indicated by Eq . 3 .8 . The coefficient KI was selected in the range from
8000 to 12,000 psi (55 .2 to 82 .8 MPa) and the exponent K2 was set equal to 0 .5 . Instead
of using an iterative method, as in KENLAYER, DAMA applies Eqs . 3 .28 and 3 .29 to
determine the modulus of granular base .

When untreated aggregate base and subbase are used, it is recommended tha t
they comply with ASTM Specification D 2940 "Graded Aggregate Material for Bases o r
Subbases for Highways and Airports," except that the requirements given in Table 11 . 6
should apply where appropriate .

Hot Mix Asphalt The resilient modulus is determined by Eq. 7 .27 . The design chart s
were developed with the following parameter values in Eq . 7.27 : P2m = 5% ,
f = 10 Hz, Va = 4% for the surface course and 7% for the base course, and Vb = 11 %
for both courses. Three temperature regimes, representative of New York, South Car -
olina, and Arizona, were considered, with mean annual air temperatures (MAAT) o f
45°, 60°, and 75°F (7°, 15 .5°, and 24°C), respectively. The types of asphalt cement an d
their viscosities for use in the development of design charts are shown in Table 11 .7 .

Table 11 .8 shows the mean monthly air temperatures for the three representa-
tive temperature regimes . The temperature T in Eq . 7 .27 is the mean pavemen t
temperature Mp, which can be computed from the mean monthly air temperature b y
Eq. 3 .27 .

TABLE 11 .6 Quality Requirements for Untreated
Aggregate Bases and Subbases

Test Subbase Base

CBR, minimum or 20 80
R value, minimum 55 78
Liquid limit, maximum 25 25
Plasticity index, maximum 6 NP
Sand equivalent, minimum 25 3 5
% passing No . 200, maximum 12 7

Source . After AI (1981a) .

TABLE 11 .7 Asphalt Grades and Viscosity for Different Temperature Regime s

Mean annual air Viscosity d at 70°F
Location

	

temperature (MAAT) Asphalt grades (106 poise )

New York 45°F (7°C) AC-5, AC-10 0 . 6
South Carolina 60°F (15 .5°C) AC-10, AC-20 1 . 6
Arizona 75°F (24°) AC-40 5 . 0

Source . After AI (1982) .
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TABLE 11 .8

	

Variations of Mean Monthly Air Temperatures with MAAT

Mean monthly air temperature (F° )

MAAT

	

Jan

	

Feb Mar Apr May Jun Jul Aug Sep Oct Nov De c

45°F 24

	

25 14 27 42 48 61 69 65 55 48 4 1
60°F 45

	

38 43 45 56 70 78 81 78 73 58 54
75°F 55

	

61 61 73 90 91 92 93 93 86 72 55

Note . °F = 32 + 1 .8 X °C .
Source . After AI (1982) .

Emulsified Asphalt Mixtures It is permissible to use emulsified asphalt mixtures fo r
base courses . Depending on aggregate types, three types of mixes are specified :

1. Type I: mixes with processed dense graded aggregates, which should be mixed i n
a plant and have properties similar to HMA .

2. Type II : mixes with semiprocessed, crusher run, pit run, or bank run aggregates .

3. Type III: mixes with sands or silty sands .

Representative stiffness moduli at the time of placement and after full curin g
were used for each of the mix types, based on the results of 32 different mixes tested a t
73°F (23°C) and 100°F (38°C) . The moduli at other temperatures can be obtained by a
straight-line interpolation . The effect of curing time on the stiffness modulus is repre-
sented by

Et = Ef – (Ef – E1)(RF)

	

(11 .23 )

in which Et is the modulus at curing time t, Ef is the modulus in the fully cured state, Ei
is the modulus in the uncured or initial state, and RF is the reduction factor represent-
ing the amount of cure at time t .

A six-month cure period was used to prepare the design charts ; longer periods of cur -
ing (up to 30 months) do not have a significance influence on the thickness obtained fro m
the design charts. The reduction factor for a six-month cure period is shown in Figure 11 .9 .

FIGURE 11 . 9
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5

Time (Months)
6 Reduction factor during six-month

cure period . (After AI (1982) .)
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11 .2.4 Environmental Effect s

In addition to the effect of monthly temperature changes throughout the year on th e
stiffness moduli of HMA and emulsified asphalt mixtures, the design charts also tak e
into consideration the effect of freezing and thawing on the resilient modulus of th e
subgrade and granular materials. This was accomplished by using an increased modu-
lus to represent the freezing period and a reduced modulus to represent the thaw peri-
od. These adjustments are needed for regions with a MAAT of 45°F (7°C) or 60° F
(15.5°C) but not for those of 75°F (24°C) .

Subgrade Figure 11 .10 shows the variations of a subgrade resilient modulus throughou t
a year. The diagram represents four distinct periods : freeze, thaw, recovery, and normal .
When the subgrade is completely frozen, a frozen modulus of 50,000 psi (345 MPa) is as -
sumed. The modulus is reduced during the thaw period and reaches a minimum thaw
modulus, which is a small fraction of the normal modulus. The magnitude of the thaw
modulus and the duration of each period are shown in Table 11 .9 for the two temperature
regimes. When the resilient moduli at the beginning and end of each period are known ,
those at any month during that period can be interpolated from Figure 11 .10 . Table 11 .1 0
shows the monthly subgrade moduli used in DAMA for developing the design charts .

50,000 ps i
Frozen M R

Normal MR

Thaw MR

ba

o0

Freeze Time Thaw Recovery Time

	

Normal
Time

	

Time

Total Time = 12 Month s

FIGURE 11 .1 0
Seasonal variations of subgrade resilient modulus (1 psi = 6 .9 kPa) .
(After AI (1982))



11 .2 Asphalt Institute Method

	

49 5

TABLE 11 .9 Conditions Used to Represent Frost Effects on Subgrad e

Normal

	

Thaw modulus

	

Month

	

Duration (month )
modulus

	

freeze
MAAT

	

(psi)

	

% Normal

	

psi

	

started

	

Freeze

	

Thaw

	

Recovery

	

Normal

45°F

	

4500

	

20

	

900

	

Dec

	

4

	

1

	

5

	

2

	

12,000

	

50

	

6000

	

Dec

	

4

	

1

	

5

	

2
(7°C)

	

22,500

	

70

	

15,800

	

Dec

	

4

	

1

	

5

	

2

60°F

	

4500

	

30

	

1350

	

Jan

	

2

	

1

	

4

	

5

	

12,000

	

60

	

7200

	

Jan

	

2

	

1

	

4

	

5
(15 .5°C)

	

22,500

	

80

	

18,000

	

Jan

	

2

	

1

	

4

	

5

Note . 1 psi = 6 .9 kPa .
Source. After AI (1982) .

Untreated Granular Materials A similar procedure was used to adjust the moduli of
untreated granular sections . The coefficient Kl in Eq . 3 .28 was increased by a factor o f
300% for the frozen condition and reduced during the spring thaw to 25% of the nor-
mal value. Table 11 .11 contains a summary of the monthly Kl values used . The value of
K2 was maintained constant at 0 .5 .

11 .2 .5 Design Procedure

The DAMA computer program was used to determine the minimum thickness re-
quired to satisfy both fatigue cracking and rutting criteria . For any given material an d
environmental conditions, two thicknesses were obtained, one by each criterion, an d

the larger of the two was used to prepare the design charts . For this reason, many of the

design curves represent shapes associated with two different criteria .
Figures 11 .11 through 11 .20 are the design charts reproduced from the MS- 1

manual . These charts are based on a mean annual air temperature of 60°F (15 .5°C) ,
which covers a major part of the continental United States . It is assumed that, if asphalt
cements are selected according to Table 11 .7, the resulting HMA modulus will no t
change significantly to affect the thickness design, even if the temperature is somewha t

different. However, in a report (AI, 1982) documenting the research and development
of MS-1 manual, charts for mean annual air temperatures of 45°F (7 .0°C) and 75°F

(24°C) were also presented . These charts were included in the 1991 version of MS-1 . If
the mean annual air temperature is significantly different from 60°F (15 .5°C), it is rec-
ommended that these design charts be utilized . The Asphalt Institute has issued a com -
puter program called HWY which can be used to determine the thickness for all thre e
temperature regimes . The program can also be used for the design of overlay, as is dis -
cussed in Section 13.3, and of full-depth pavements for parking lots, service stations ,
and driveways.

Full-Depth HMA Figure 11 .11 is the design chart for full-depth asphalt pavements .
Given the subgrade resilient modulus M R and the equivalent 18-kip single-axle load ,
ESAL, the total HMA thickness, including both surface and base courses, can be rea d
directly from the chart .
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TABLE 11 .12 Minimum Thickness of HMA Over Emulsified
Asphalt Base s

Traffic level HMA thickness for HMA thickness for type I I
ESAL type I mix (in .) and type III mixes (in . )

10 4 1 2
10' 1 .5 2
10 6 2 3
10 7 2 4

>10 7 2 5

Note . 1 in . = 25 .4 mm.
Source . After AI (1981a) .

HMA and Emulsified Asphalt Mix Over Untreated Aggregate Base Design chart s
for pavements consisting of a HMA surface, an emulsified asphalt base, and an un-
treated base are currently not available . The best alternative is to use the charts for full-
depth HMA and emulsified asphalt mix to determine a substitution ratio, which
indicates the thickness of emulsified asphalt mix required to substitute for a unit thick-
ness of HMA. Then the chart for HMA over untreated aggregate base is applied to de-
termine the thickness of HMA, part of which can be replaced by the emulsified asphal t
mix according to the substitution ratio . The following method has been recommende d
by the Asphalt Institute :

1. Design a full-depth HMA pavement for the appropriate traffic and subgrad e
conditions . Assume a 2-in . (51-mm) surface course, and calculate the correspond -
ing base thickness .

2. Design a pavement for the same traffic and subgrade conditions, using the select-
ed emulsified mix type . Assume a 2-in . (51-mm) surface course, and calculate the
corresponding base thickness.

3. Divide the thickness of the emulsified asphalt base in step 2 by the thickness o f
the HMA base in step 1 to obtain a substitution ratio .

4. Design a pavement for the same traffic and subgrade conditions, using HMA and
untreated base .

5. Select a portion of the HMA thickness to be replaced by the emulsified asphalt
mix, based on the minimum HMA thickness specified in Table 11 .12 .

6. Multiply the above thickness by the substitution ratio determined in step 3 to ob -
tain the thickness of emulsified asphalt mix required .

Example 11 .8 :

Given MR = 10,000 psi (69 MPa), ESAL = 106 , and an 8-in . (203-mm) untreated aggregat e
base, design the thicknesses of HMA surface course and type II emulsified asphalt base course.

Solution:

1 . The thickness for full-depth HMA is 8 .5 in . (216 mm), as determined in Example 11 .5 . If th e
HMA surface is 2 in . (51 mm), then the thickness of the HMA base is 6 .5 in . (165 mm) .
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2. The thickness for emulsified asphalt mix to be placed directly on the subgrade is 10 .5 in .
(267 mm), as obtained in Example 11 .6 . If the HMA surface is 2 in. (51 mm), then the
thickness of the emulsified asphalt base is 8 .5 in . (216 mm) .

3. The substitution ratio is 8.5/6 .5 = 1 .31 .
4. The thickness of HMA over an 8 in. (203 mm) untreated aggregate base is 6 .5 in . (165

mm), as shown in Example 11 .7 .

5. From Table 11 .12, the minimum HMA thickness is 3 in . (76 mm), so 3 .5 in. (89 mm) of
HMA base must be replaced by the emulsified asphalt base .

6. The thickness of the emulsified asphalt base is 3 .5 X 1 .31 = 4.5 in . (114 mm) . The final
design consists of 3 in . (76 mm) of HMA, 4 .5 in . (114 mm) of emulsified asphalt base, an d
8 in . (203 mm) of untreated aggregate base, or a total thickness of 15 .5 in (394 mm) .

The Asphalt Institute suggested the use of a 2-in . (51-mm) surface course to de-
termine the substitution factor. If the actual thickness is 3 in. (76 mm), as shown in the
above example, the substitution factor is (10 .5 — 3)1(8.5 — 3) = 1 .36, which is not to o
much different from the 1 .31 used .

Planned Stage Construction Planned stage construction involves successive applica-
tions of HMA layers according to a predetermined time schedule . The procedure is based
on the concept of remaining life, which implies that the second stage will be construct-
ed before the first stage shows serious signs of distress . Stage construction is beneficial
when funds are insufficient for constructing a pavement with a long design life . Thi s
approach is also desirable when there is a great amount of uncertainty in estimating traf-
fic. The pavement can be designed for an initial traffic volume ; then the next stage of con-
struction can be designed with traffic projections based on the traffic in service . Finally,
stage construction allows weak spots that develop in the first stage to be detected an d
repaired in the next stage .

If n 1 is the actual ESAL for stage 1 and N1 is the allowable ESAL for the initial

thickness h 1 selected for stage 1, then the damage ratio Dr at the end of stage 1 i s

=
n1

D

	

(11.24)
r Nl

Note that Dr must be smaller than 1 because, when Dr = 1, the pavement fails. There -

fore, the remaining life in the existing pavement at the end of stage 1 is (1 — Dr ) . The

thickness obtained from the design chart is based on a Dr of 1, with no remaining life .
To keep some remaining life, the thickness h 1 should be determined from the design

chart based on an adjusted design ESAL N1 , which is somewhat greater than the desig n
ESAL n 1 , depending on the Dr specified . If h1 is based on N1 and

N1 ~=

	

(11 .25 )

then the damage ratio after N1 load applications is 1, so N1 can be considered to be th e
allowable number of applications. Since n1 is smaller than N1 , the damage ratio i s
smaller than 1 ; it can be determined from Eq . 12 .24 .
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If n2 is the design ESAL for stage 2 and N2 is the allowable or adjusted ESA L
for stage 2, then the damage incurred in stage 2 should not exceed the remainin g
life . That is ,

n2

=1–Dr
(11 .26 )

or

N2

(11 .27 )n2DN2 = 1
r

Note that N2 is an adjusted design ESAL to permit the selection of a thickness h 2 that
will carry traffic n2 and use the remaining life. The difference between h 2 and h l is the
additional thickness required in stage 2 .

Thus, in a stage construction analysis, the designer is required to select a stage
time period and the amount of damage Dr to be incurred during this stage. Given Dr
and n i , the adjusted design ESAL Ni can be computed by Eq . 11 .25 and used for
determining h i . Given n 2 and Dr , the adjusted design ESAL N2 can be computed b y
Eq. 11 .27 and used for determining h 2 . The MS-1 manual recommends the use of 5 t o
10 years for the first stage, with a damage ratio of 60% at the end of the stage .

Example 11 .9 :

A full-depth HMA pavement with a subgrade resilient modulus of 10,000 psi (69 MPa) will be
constructed in two stages. The first stage is 5 years with 150,000 ESAL repetitions, and the sec-
ond stage is 15 years with 850,000 ESAL repetitions. Limiting the damage ratio to 0 .6 at the en d
of stage 1, determine the thickness of HMA required for the first 5 years and the thickness o f
overlay required to accommodate the additional traffic expected during the next 15 years .

Solution: Given n i = 150,000 and Dr = 0.6, from Eq . 11 .25, Ni = 150,000/0 .6 = 2 .5 x 10 5.
From Figure 11 .11, hi = 6 .5 in . (165 mm )

Given n 2 = 850,000, from Eq . 11 .27, N2 = 850,000/(1 — 0 .6) = 2 .1 X 106 . From
Figure 11 .11, h2 = 10 in. (254 mm) .

The thickness for the first stage is 6 .5 in . (165 mm) and the overlay for the second stage i s
3 .5 in . (89 mm) . If the design is not divided into two stages, the thickness of the pavement is 8 .5 in.
(216 mm), as shown in Example 11 .5 . The use of stage construction decreases the thickness in th e
first stage by 2 in . (51 mm) but increases the total thickness by 1 .5 in . (38 mm) .

11 .2.6 Comparison with Observed Performance

Extensive efforts were devoted by the Asphalt Institute to compare the predicte d
HMA thickness with the actual thickness. The predicted thickness was determined
from the design charts (presented in MS-1) based on the estimated subgrade modulus ,
the thickness of untreated granular base, and the actual ESAL repetitions, which re-
duced the PSI level to 2 .5 . The actual thickness was the thickness of HMA incorporat-
ed in the pavement . The difference between predicted and actual thicknesses is Oh . If
the predicted thickness is greater than the actual thickness, Oh is positive, and the use
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FIGURE 11 .2 1
Thickness comparison for all pavement sections (1 in . = 25 .4 mm) . (Afte r
AI (1982) )

of the design charts is considered conservative . If the predicted thickness is smalle r
than the actual thickness, Ah is negative, and the design is unconservative .

Six separate sources of data, representing a total of 394 individual data points, were
utilized . The studies include the San Diego Test Road in California, the Brampton Test
Road in Canada, California investigation, Minnesota investigation, and the main factoria l
experiment and special base study of the AASHO Road Test in Illinois . The southern and
eastern parts of the United States were excluded for lack of documented data .

Figure 11 .21 is a plot of Ah for the 394 sections . The figure shows that the MS- 1
design procedure yields conservative results, especially when ESAL is above 2 X 106 .
The mean Oh of the 394 sections is 1 .61 in . (41 mm), with a standard deviation of 1 .24 in.
(31 .5 mm) .

Figure 11 .22 shows the distribution of Oh and illustrates that the probability of
achieving unconservative design with Ah < 0 is 12 .7% .This percentage is based on th e
actual data . If the data are assumed to be normally distributed with a mean of 1 .61 and
a standard deviation of 1 .24, then the normal deviate for Ah = 0 is (0 – 1 .61)/
1 .24 = 1.298 and the probability that Ah < 0 is 40% .

11 .3 AASHTO METHOD

The design procedure recommended by the American Association of State Highwa y
and Transportation Officials (AASHTO) is based on the results of the extensiv e
AASHO Road Test conducted in Ottawa, Illinois, in the late 1950s and early 1960s . The
AASHO Committee on Design first published an interim design guide in 1961 . It was
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revised in 1972 and 1981 . In 1984-85, the Subcommittee on Pavement Design and a
team of consultants revised and expanded the guide under NCHRP Project 20-7/24 ;
they issued the guide in 1986 . The guide was revised in 1993 with practically no change
in the design method presented in this section .

The empirical performance equations obtained from the AASHO Road Test ar e
still being used as the basic models in the current guide, but were modified and extend -
ed to make them applicable to other regions in the nation . It should be kept in mind
that the original equations were developed under a given climatic setting with a specif -
ic set of pavement materials and subgrade soils . The climate at the test site is temperat e
with an average annual precipitation of about 34 in . (864 mm) . The average depth of
frost penetration is about 28 in . (711 mm) . The subgrade soils consists of A-6 and A-7-6
that are poorly drained, with CBR values ranging from 2 to 4 .

11 .3.1 Design Variables

Several general design variables related to both flexible and rigid pavements are present -
ed in this section . Other variables, such as the effective roadbed soil resilient modulus an d
the structural number, are presented in Sections 11 .3 .3 and 11 .3 .4, respectively.

Time Constraints To achieve the best use of available funds, the AASHTO design
guide encourages the use of a longer analysis period for high-volume facilities, including
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at least one rehabilitation period . Thus, the analysis period should be equal to o r

greater than the performance period, as described below.

Performance Period The performance period refers to the time that an initia l
pavement structure will last before it needs rehabilitation or the performance tim e
between rehabilitation operations . It is equivalent to the time elapsed as a new, recon -
structed, or rehabilitated structure deteriorates from its initial serviceability to it s
terminal serviceability. The designer must select the performance period within th e
minimum and maximum allowable bounds that are established by agency experienc e
and policy. The selection of performance period can be affected by such factors as th e
functional classification of the pavement, the type and level of maintenance applied ,
the funds available for initial construction, life cycle costs, and other engineering
considerations.

Analysis Period The analysis period is the period of time that any design strat-
egy must cover . It may be identical to the selected performance period . However, real -
istic performance limitations may necessitate the consideration of staged constructio n
or planned rehabilitation for the desired analysis period . In the past, pavements were
typically designed and analyzed for a 20-year performance period. It is now recom-
mended that consideration be given to longer analysis periods, because they can be
better suited for the evaluation of alternative long-term strategies based on life cycle
costs. Table 11 .13 contains general guidelines for the length of the analysis period .

Traffic The design procedures are based on culmulative expected 18-kip (80-kN )
equivalent single-axle load (ESAL) . The determination of equivalent axle load factor s
(EALF) is discussed in Section 6 .3 .1 for flexible pavements and Section 6 .3 .2 for rigid
pavements . The procedure for converting mixed traffic into ESAL is described i n

Section 6.4 .The use of Table 6 .13 for total growth factors and Table 6 .16 for lane distri -

bution factors is recommended .
If a pavement is designed for the analysis period without any rehabilitation o r

resurfacing, all that is required is the total ESAL over the analysis period . However, if
stage construction is considered and rehabilitation or resurfacing is anticipated, a
graph or equation of cumulative ESAL versus time is needed so that the ESAL traffi c
during any given stages can be obtained .

Reliability Reliability concepts for pavement design are discussed in Section 10 .2 .
Basically, reliablity is a means of incorporating some degree of certainty into th e

TABLE 11 .13 Guidelines for Length of Analysis Perio d

Highway conditions Analysis period (years )

High-volume urban 30–5 0
High-volume rural 20–5 0
Low-volume paved 15–2 5
Low-volume aggregate surface 10–2 0

Source . After AASHTO (1986) .
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TABLE 11 .14 Suggested Levels of Reliability for Various
Functional Classification s

Functiona l
classification

Recommended
level of reliability

Urban Rural

Interstate and other freeways 85-99 .9 80-99 . 9
Principal arterials 80—99 75—95
Collectors 80-95 75-95
Local 50-80 50-80

Note . Results based on a survey of AASHTO Pavement Desig n
Task Force.
Source . After AASHTO (1986) .

design process to ensure that the various design alternatives will last the analysi s
period. The level of reliability to be used for design should increase as the volume o f
traffic, difficulty of diverting traffic, and public expectation of availability increase .
Table 11.14 presents recommended levels of reliability for various functiona l
classifications.

Application of the reliability concept requires the selection of a standard deviatio n
that is representative of local conditions . It is suggested that standard deviations of 0 .49 be
used for flexible pavements and 0 .39 for rigid pavements. These correspond to variance s
of 0 .2401 and 0 .1521, which are nearly the same as those shown in Table 10 .12 .

When stage construction is considered, the reliability of each stage must be com-
pounded to achieve the overall reliability ; that is,

Rstage — ( Roverall) l u

	

(11 .28 )

in which n is the number of stages being considered . For example, if two stages are con-
templated and the desired level of overall reliability is 95%, the reliability of each stag e
must be (0 .95) 112 , or 97 .5% .

Environmental Effects The AASHO design equations were based on the results of
traffic tests over a two-year period . The long-term effects of temperature and moistur e
on the reduction of serviceability were not included . If problems of swell clay and fros t
heave are significant in a given region and have not been properly corrected, the loss o f
serviceability over the analysis period should be estimated and added to that due to cu-
mulative traffic loads . Figure 11 .23 shows the serviceability loss versus time curves fo r
a specific location . The environmental loss is a summation of losses from both swellin g
and frost heave . The chart may be used to estimate the serviceability loss at any inter -
mediate period, for example, a loss of 0 .73 at the end of 13 years . Of course, if only
swelling or frost heave is considered, there will be only one curve on the graph . The
shape of these curves indicates that the serviceability loss due to environment increas-
es at a decreasing rate . This may favor the use of stage construction because most of th e
loss will occur during the first stage and can be corrected with little additional loss i n
later stages.
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The serviceability loss due to roadbed swelling depends on the swell rate constant ,
the potential vertical rise, and the swell probability; that due to frost heave depends o n
the frost heave rate, the maximum potential serviceability loss, and the frost heave prob -
ability. Methods for evaluating these losses are described in Appendix G of the AASHT O
design guide.

Serviceability Initial and terminal serviceability indexes must be established to com-
pute the change in serviceability, APSI, to be used in the design equations . The initia l
serviceability index is a function of pavement type and construction quality . Typica l
values from the AASHO Road Test were 4 .2 for flexible pavements and 4.5 for rigid
pavements. The terminal serviceability index is the lowest index that will be tolerate d
before rehabilitation, resurfacing, and reconstruction become necessary. An index of
2.5 or higher is suggested for design of major highways and 2 .0 for highways with
lower traffic. For relatively minor highways where economics dictate a minimum ini-
tial capital outlay, it is suggested that this be accomplished by reducing the design pe -
riod or total traffic volume, rather than by designing a terminal serviceability inde x

less than 2 .0 .

11 .3 .2 Design Equation s

The original equations were based purely on the results of the AASHO Road Test bu t
were modified later by theory and experience to take care of subgrade and climatic
conditions other than those encountered in the Road Test .

1 . 0
a
Ea
0

W 0. 8
0
a
0

0. 6

a0
0

0. 4

E 0. 2

U

0 .0

0 .73

FIGURE 11 .2 3
Environmental serviceability loss
versus time for a specific location .
(From the AASHTO Guide for Design
of Pavement Structures . Copyright 1986.
American Association of State Highway
and Transportation Officials, Washington ,
DC. Used by permission. )
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Original Equations The following are the basic equations developed from th e
AASHO Road Test for flexible pavements (HRB, 1962) :

G t = /3(log W – log p )

0 .081 (L 1 + L2 )3 .23
(3=0.40+	

(SN+1)519 LZ .23

log p = 5.93 + 9.36 log(SN + 1) – 4 .79log(L 1 + L2 )

+ 4.33 log L 2

Here,

Gt = logarithm of the ratio of loss in serviceability at time t to the potential los s
taken at a point where pt = 1.5, or Gt = log[(4.2 – pt)/(4.2 – 1 .5)],notin g
that 4 .2 is the initial serviceability for flexible pavements ;

/3 = a function of design and load variables, as shown by Eq . 11 .30, that influ-
ences the shape of p versus W curve ;

p = a function of design and load variables, as shown by Eq . 11 .31, that denote s
the expected number of load applications to a pt of 1 .5, as can be seen from
Eq. 11 .29, where p = W. when pt = 1 .5 ;

Wt = axle load application at end of time t ;
pt = serviceability at end of time t ;
L i = load on one single axle or a set of tandem axles, in kip ;
L 2 = axle code—1 for single axle, 2 for tandem axle ;

SN = structural number of pavement, which was computed a s

SN = a 1 D1 + a2D2 + a 3 D3

	

(11.32)

in which a l , a2, and a3 are layer coefficients for the surface, base, and sub -
base, respectively, and D1 , D2 , and D3 are the thicknesses of the surface ,
base, and subbase, respectively.

The procedure is greatly simplified if an equivalent 18-kip (80-kN) single axle
load is used . By combining Eqs. 11 .29, 11 .30, and 11 .31 and setting L 1 = 18 and L 2 = 1 ,
we obtain the equation

log[(4.2 – p0/(4 .2 – 1 .5) ]
log Wt18 = 9.36 log(SN + 1) – 0 .20 +

		

s .19

	

(11 .33 )
0.4 + 1094/(SN + 1) 5 . ' 9

in which W18 is the number of 18-kip (80-kN) single-axle load applications to time t
and pt is the terminal serviceability index . Equation 11 .33 is applicable only to the flex -
ible pavements in the AASHO Road Test with an effective subgrade resilient modulu s
of 3000 psi (20 .7 MPa) .

Modified Equations For other subgrade and environmental conditions, Eq . 11 .33 is
modified to

(11.29 )

(11 .30)
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W,18
1og[(4.2–pt)/(4.2–1 .5) ]

log

	

= 9 .36 log(SN + 1) 0 .20 +
0.4 + 1094/(SN + 1) 5 .19

+ 2.32 log MR – 8.07 (11.34 )

in which MR is the effective roadbed soil resilient modulus . Note that when
MR = 3000 psi (20 .7 MPa), Eq . 11 .34 is identical to Eq . 11 .33 . To take local precipita-
tion and drainage conditions into account, Eq . 11 .32 was modified t o

SN = a 1 D1 + a 2 D2m2 + a 3D3 m 3 (11 .35 )

in which m 2 is the drainage coefficient of base course and m 3 is the drainage coefficient
of subbase course .

Equation 11 .34 is the performance equation that gives the allowable number of
18-kip (80-kN) single-axle load applications Wt18 to cause the reduction of PSI to pt . If
the predicted number of applications W18 is equal to Wt18, the reliability of the design i s

only 50%, because all variables in Eq . 11 .34 are based on mean values . To achieve a
higher level of reliability, W18 must be smaller than Wt18 by a normal deviate ZR , a s
shown in Figure 11 .24 :

(11 .36 )

Here, Z R is the normal deviate for a given reliability R, and So is the standard devia-
tion. ZR can be determined from Table 10 .1 or, more conveniently, from Table 11 .15 .

Combining Eqs . 11 .34 and 11 .36 and replacing (4 .2 – pt ) by OPSI yields

	

to W18 Z 5 + 9.36 to SN + 1

	

0 .20 +	
log[OPSI/(4 .2 – 1 .5) ]

g

	

= R o

	

g(

	

)

	

0 .4 + 1094/(SN + 1) 5.1 9

+ 2.32 log MR – 8.07 (11.37 )

Equation 11 .37 is the final design equation for flexible pavements . Figure 11 .25 is a
nomograph for solving Eq . 11 .37 . The DNPS86 computer program issued by AASHTO
can also be used to solve Eq . 11 .37 and perform the design procedure .

log W18 log W c18

FIGURE 11 .2 4
	 ZRSo ,

	

Reliability of design based on ESAL .

log W18 – log Wtl s
ZR

	

So
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TABLE 11 .15 Standard Normal Deviates for Various Levels o f
Reliabilit y

Reliability

	

Standard normal

	

Reliability

	

Standard norma l
(%)

	

deviate (ZR)

	

(%)

	

deviate (ZR )

50 0 .000 93 -1 .476
60 -0 .253 94 -1 .555
70 -0 .524 95 -1 .645
75 -0 .674 96 -1 .751
80 -0 .841 97 -1 .88 1
85 -1 .037 98 -2 .05 4
90 -1 .282 99 -2 .327
91 -1 .340 99 .9 -3 .09 0
92 -1 .405 99 .99 -3 .750

Example 11 .10:

Given W18 = 5 x 106 , R = 95%, So = 0.35, MR = 5000 psi (34 .5 MPa), and OPSI = 1 .9, deter -
mine SN from Figure 11 .25 .

Solution: As shown by the arrows in Figure 11 .25, starting from R = 95%, a series of lines are
drawn through So = 0 .35, W18 = 5 x 106 , MR = 5000 psi (34.5 MPa), and OPSI = 1 .9 and finally
intersect SN at 5 .0, so SN = 5 .0.

The chart is most convenient for determining SN, because the solution of SN b y
Eq. 11 .37 is cumbersome and requires a trial and error process . If W18 is the unknown
to be determined, the use of Eq . 11 .37 is more accurate.

Example 11 .11 :

Given R = 95%, SN = 5, So = 0 .35, MR = 5000 psi (34 .5 MPa), OPSI = 1 .9, determine W18 by
Eq. 11 .37 .

Solution: For R = 95%, from Table 11 .15, ZR = - 1 .645. From Eq. 11 .37, log W18 =
-1.645 x 0 .35 + 9 .36 log(5 + 1) — 0.2 + log(1 .9/2 .7)/[0 .4 + 1094/(6) S19] + 2 .32log(5000) —
8 .07 = 6 .714, or W18 = 5 .18 x 106 , which checks with 5 x 10 6 in the previous example .

11 .3 .3 Effective Roadbed Soil Resilient Modulu s

The effective roadbed soil resilient modulus MR is an equivalent modulus that woul d
result in the same damage if seasonal modulus values were actually used . The equation
for evaluating the relative damage to flexible pavements o f and the method for com-
puting MR are discussed next .

Relative Damage From Eq . 11 .37, the effect of MR on W18 can be expressed a s

log W18 = log C – log(1 .18 X 108MR-2 .32)

	

(11 .38 )
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in which log C is the sum of all but the last two terms in Eq . 11 .37 . Equation 11.38 can
be written as

	

_

	

C
W18

1 .18 x 108 MR32

	

(11 .39 )

If WT is the predicted total traffic, the damage ratio, which is a ratio between pre -
dicted and allowable number of load repetitions, can be expressed as

Dr =

	

WT

	

=
WT

(1 .18 X 108MR32) (11 .40 )
C/(1 .18 x 10

8 MR- .32)

	

C

If WT is uniformly distributed over n periods, the cumulative damage ratio is

Dr =

	

WT/n

	

= W
T 1

	

(1 .18 x 108 MRa 32 ) (11.41)
i -1 C/(1 .18 x 10 8 MRi 32 )

	

C n i=1

Equating Eq. 11 .40 to Eq . 11 .41 gives

n
-2,32 )1 .18 x 108M232 = 1E (1 .18 X 108 MR

n i=1
(11.42)

Equation 11 .42 can be used to determine the effective roadbed soil resilient modulu s
MR in terms of seasonal moduli MR i . Although the coefficient 1 .18 X 10 8 can be can-
celed out to simplify the equation, the AASHTO design guide keeps the coefficien t
and defines the relative damage o f as

o f =1.18x108 M 232

	

(11 .43 )

Computation of Effective Roadbed Soil Resilient Modulus Figure 11 .26 is a work-
sheet for estimating effective roadbed soil resilient modulus, in which Eq . 11 .43, to-
gether with a vertical scale for graphical solution of u f, is also shown . A year is divided
into a number of periods during which different roadbed soil resilient moduli are spec -
ified. The shortest time period is half a month . These seasonal moduli can be deter-
mined from correlations with soil moisture and temperature conditions or from
nondestructive deflection testing.

In the worksheet, the 12 monthly subgrade moduli used in the DAMA program
for a MAAT of 45°F (7 .2°C) and a normal modulus of 4500 psi (31 MPa), as shown in
Table 11.10, are used as an example . The relative damage during each month can be ob -
tained from the vertical scale or computed from Eq . 11 .43 ; the sum, 25 .30, is shown at
the bottom. The average relative damage = 25.30/12 = 2 .11, which corresponds to an
effective roadbed resilient modulus of 2200 psi (15 .2 MPa) .

In the preceding example, there is a large variation in the monthly resilient mod -
ulus. The maximum and minimum values are outside the range of the vertical scale an d
must be computed from Eq . 11 .43 . About 65% of the damage is done in May alone .
This is the reason that a very low effective modulus, 2200 psi (15 .2 MPa), is obtained,
one much lower than the normal modulus, 4500 psi (31 .1 MPa) .
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Month

Roadbed
Soi l

Modulus,
MR (psi)

Relativ e
Damage

,llf

Jan .
15,900 0 .0 2

Feb .
27,300 0 .0 1

Mar.
38,700 0 .0 0

Apr . 50,000 0 .00

May
900 16 .52

June
1,620 4 .22

July 2,340 1 .8 0

Aug.
3,060 0 .97

Sept.
3,780 0 .59

Oct .
4,500 0 .39

Nov.
4,500 0 .39

Dec . 4,500 0 .39

30 _ .005

— 5 .0

1 0

5

Summation : luf =

Average: of = n = 2.11

10 .0
1 - 13 .0

25 .30

Effective Roadbed Soil Resilient Modulus, M R (psi) = 2,200 (corresponds to u F )

FIGURE 11 .2 6
Worksheet for estimating effective roadbed soil resilient modulus (1 psi = 6 .9 kPa) .

11 .3 .4 Structural Numbe r

Structural number is a function of layer thicknesses, layer coefficients, and drainage co -
efficients and can be computed from Eq . 11 .35 .

Layer Coefficient The layer coefficient a, is a measure of the relative ability of a unit
thickness of a given material to function as a structural component of the pavement .
Layer coefficients can be determined from test roads or satellite sections, as was done
in the AASHO Road Test, or from correlations with material properties, as was show n
in Figures 7 .13, 7 .15, and 7 .16 . It is recommended that the layer coefficient be based o n
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0 . 5

cn
0 . 1

0 .0
0 51

	

2

	

3

	

4

HMA Resilient Modulus at 70°F(10 5 psi)

FIGURE 11 .2 7
Chart for estimating layer coefficient o f
dense-graded asphalt concrete based o n
elastic modulus (1 psi = 6.9 kPa) . (After
Van Til et al. (1972))

the resilient modulus, which is a more fundamental material property. The procedure
for determining the resilient modulus of a particular material varies with its type . Ex-
cept for the higher stiffness materials, such as HMA and stabilized bases, that may b e
tested by the repeated load indirect tensile test (ASTM D-4123), all materials should
be tested by the resilient modulus test methods (AASHTO T274) . Methods for deter-
mining the resilient modulus were described in Section 7 .1 .

In following the AASHTO design guide, the notation MR, as used herein, refer s
only to roadbed soils, whereas El, E2 , and E3 apply to the HMA, base, and subbase ,
respectively.

Asphalt—Concrete Surface Course Figure 11 .27 is a chart relating the layer co -
efficient of a dense-graded HMA to its resilient modulus at 70°F (21°C) . Caution
should be used in selecting layer coefficients with modulus values greater than 450,00 0
psi (3 .1 GPa), because the use of these larger moduli is accompanied by increased sus -
ceptiblity to thermal and fatigue cracking . The layer coefficient a l for the dense-grade d
HMA used in the AASHO Road Tests is 0 .44, which corresponds to a resilient modu-
lus of 450,000 psi (3 .1 GPa) .

Untreated and Stabilized Base Courses Figure 7 .15 shows the charts that can
be used to estimate the layer coefficient a 2 for untreated, bituminous-treated, an d
cement-treated base courses . In lieu of Figure 7 .15a, the following equation can also b e
used to estimate a 2 for an untreated base course from its resilient modulus E2 :

a2 = 0.249(log E2 ) — 0 .977

	

(11.44)

The layer coefficient a 2 for the granular base material used in the AASHO Road Tes t
is 0 .14, which corresponds to a base resilient modulus of 30,000 psi (207 GPa) .

The resilient modulus of untreated granular materials depends on the stress stat e
0, as indicated by Eq . 3 .8 and rewritten here a s

E2 = K1 0K2

	

(11.45)



11 .3 AASHTO Method 51 7

TABLE 11 .16

	

Typical Values of Kl and K2 fo r
Untreated Base Materials

Moisture condition Kl K2

Dry
Dam p
Wet

6000—10,000
4000—6000
2000—4000

0 .5—0 .7
0 .5—0 .7
0 .5—0 .7

Source. After AASHTO (1986) .

TABLE 11 .17 Typical Values of Stress State B for
Base Cours e

Roadbed soil resilient
modulus (psi)

Asphalt concret e
thickness (in.) 3000 7500 15,000

Less than 2 20 25 3 0
2—4 10 15 2 0
4—6 5 10 1 5
Greater than 6 5 5 5

Note . Unit of 6 is in psi, 1 in . = 25 .4 mm, 1 psi = 6 .9 kPa.
Source . After AASHTO (1986) .

Typical values of Kl for base materials range from 3000 to 8000; those of K2 range from
0.5 to 0 .7 . Values of K l and K2 for each specific base material should be determined
using AASHTO Method T274 . In the absence of this information, the values shown in
Table 11 .16 can be used .

The resilient modulus of the base course is a function not only of Kl and K2 , but also
of the stress state O. Values for the stress state within the base course vary with the
roadbed soil resilient modulus and with the thickness of the surface layer. Typical values
of 0 are shown in Table 11 .17 . Given K 1 , K2 , and 8, E2 can be determined from Eq . 11 .45 .

Granular Subbase Course Figure 7 .16 provides the chart that may be used to
estimate layer coefficient a 3 of granular subbase courses. The relationship between a 3
and E3 can be expressed as

a3 = 0.227(log E3 ) — 0.839

	

(11 .46 )

The layer coefficient a 3 for the granular subbase in the AASHO Road Test is 0 .11 ,
which corresponds to a resilient modulus of 15,000 psi (104 MPa) . As with granula r
base courses, values of K l and K2 for granular subbase courses can be determined from
the resilient modulus test (AASHTO T274) or estimated from Table 11 .18 . Values of
K1 , K2, 8, and E3 for the subbase in the AASHO Road Test are shown in Table 11 .19 .

Drainage Coefficient Depending on the quality of drainage and the availability o f
moisture, drainage coefficients m2 and m3 should be applied to granular bases and sub -
bases to modify the layer coefficients, as shown in Eq . 11 .35 . At the AASHTO Road
Test site, these drainage coefficients are all equal to 1, as indicated by Eq . 11 .32.
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TABLE 11 .18 Typical Values of K l and K2 for
Granular Subbase Materials

Moisture condition Kt K2

Dry 6000—8000 0 .4—0 .6
Damp 4000—6000 0 .4—0 .6
Wet 1500—4000 0 .4—0 .6

Source . After AASHTO (1986) .

TABLE 11 .19 Values of Resilient Modulus for AASHO Road Test Subbas e
Materials

Stress state 0 (psi)

Moisture condition Kl K2 5 7.5 1 0

Damp 5400 0 .6 14,183 18,090 21,497
Wet 4600 0 .6 12,082 15,410 18,312

Note . Resilient modulus is in psi; 1 psi = 6 .9 kPa .
Source. After Finn et al. (1986) .

TABLE 11 .20 Recommended Drainage Coefficients for Untreated Bases and Subbases i n
Flexible Pavement s

Quality of drainage
Percentage of time pavement structure is expose d

to moisture levels approaching saturation

Water removed Less than Greater than
Rating within 1% 1—5% 5—25% 25 %

Excellent 2 hours 1 .40—1 .35 1 .35—1 .30 1 .30—1 .20 1 .20
Good 1 day 1 .35—1 .25 1 .25—1 .15 1 .15—1 .00 1 .00
Fair 1 week 1 .25—1 .15 1 .15—1 .05 1 .00—0 .80 0 .80
Poor 1 month 1 .15—1 .05 1 .05—0.80 0 .80—0 .60 0 .60
Very poor Never drain 1 .05—0 .95 0 .95—0 .75 0 .75—0 .40 0 .40

Source. After AASHTO (1986) .

Table 11.20 shows the recommended drainage coefficients for untreated base an d
subbase materials in flexible pavements . The quality of drainage is measured by th e
length of time for water to be removed from bases and subbases and depends primari-
ly on their permeability. The percentage of time during which the pavement structure i s
exposed to moisture levels approaching saturation depends on the average yearly rain -
fall and the prevailing drainage conditions .

11 .3 .5 Selection of Layer Thicknesses

Once the design structural number SN for an initial pavement structure is determined ,
it is necessary to select a set of thicknesses so that the provided SN, as computed b y
Eq. 11.35, will be greater than the required SN. Note that Eq . 11 .35 does not have a
single unique solution . Many combinations of layer thicknesses are acceptable, so their cos t
effectiveness along with the construction and maintenance constraints must be considere d
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TABLE 11 .21 Minimum Thickness for Asphalt Surface and Aggregat e
Base

Traffic (ESAL)

	

Asphalt concrete

	

Aggregate bas e

Less than 50,000 1 .0 4
50,001—150,000 2.0 4
150,001—500,000 2.5 4
500,001—2,000,000 3 .0 6
2,000,001—7,000,000 3 .5 6
Greater than 7,000,000 4.0 6

Note. Minimum thickness is in in .; 1 in . = 25 .4 mm.

Source . After AASHTO (1986) .

(1 )

(2) SN
1

(3) SN
2 E t al D 1

SN3 E 2 a2 m2 D 2

D 3
FIGURE 11 .2 8

E 3 a3 m3
Selection of thicknesses .

to avoid the possibility of producing an impractical design . From a cost-effective view -
point, if the ratio of costs for HMA and granular base is less than the correspondin g
ratio of layer coefficients times the drainage coefficient, then the optimum economica l
design is to use a minimum base thickness by increasing the HMA thickness .

Minimum Thickness It is generally impractical and uneconomical to use layers of mate -
rial that are less than some minimum thickness . Furthermore, traffic considerations may
dictate the use of a certain minimum thickness for stability . Table 11 .21 shows the mini-
mum thicknesses of asphalt surface and aggregate base . Because such minimums depen d
somewhat on local practices and conditions, they may be changed if needed.

General Procedure The procedure for thickness design is usually started from the
top, as shown in Figure 11 .28 and described as follows :

1. Using E2 as MR , determine from Figure 11 .25 the structural number SN1 required
to protect the base, and compute the thickness of layer 1 from

D1 >
SNl

	

(11.47)
a l

2. Using E3 as MR , determine from Figure 11 .25 the structural number SN2 required
to protect the subbase, and compute the thickness of layer 2 fro m

SN2 — a 1D1
D2 >_

	

	 	 (11 .48)
a 2 m 2
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3. Based on the roadbed soil resilient modulus MR, determine from Figure 11 .25 the
total structural number SN3 required, and compute the thickness of layer 3 fro m

(11 .49 )

Example 11 .12 :

Figure 11 .29 is a pavement system with the resilient moduli, layer coefficients, and drainag e
coefficients as shown . If predicted ESAL = 18 .6 x 106 , R = 95%, So = 0.35, and OPSI = 2 .1 ,
select thicknesses Dl , D2 , and D3 .

E l = 400,000 psi

	

a 1 = 0.42

	

D

E2 = 30,000 psi

	

a2 = 0 .14 m2 =1 .2

SN3 — a1D1 — a2D2m2
D3 >_

a3 rn3

FIGURE 11 .2 9

Example 11 .12 (1 psi = 6 .9 kPa) .

E 3 = 11,000 psi

	

a3 = 0 .08 m3 = 1 .2

	

D3

MR = 5,700 ps i

Solution: With MR = E2 = 30,000 psi (207 MPa), from Figure 11 .25, SN1 = 3 .2 ; from Eq . 11 .47 ,
Dl ? 3 .2/0 .42 = 7 .6 in . (193 mm) ; use DI = 8 in . (203 mm) .

With MR = E3 = 11,000 psi (76 MPa), from Figure 11 .25, SN2 = 4 .5 ; from Eq . 11 .48,
D2 ? (4 .5 — 0 .42 x 8)1(0 .14 x 1 .2) = 6 .8 in . (173 mm) ; use D2 = 7 in . (178 mm) . Note that a
surface thickness of 8 in . (203 mm) and a base thickness of 7 in . (178 mm) meet the minimum
thicknesses shown in Table 11 .21 .

With MR = 5700 psi (39 .3 MPa), from Figure 11 .25, SN3 = 5 .6 ; from Eq . 11 .49 ,
D3 ? (5 .6—0.42x8—0.14x7x1 .20)/(0 .08x1 .2) = 11 .1 in. (282 mm) ; use D3 = 11 .5 in .
(292 mm) .

11 .3.6 Stage Construction

If the maximum performance period is less than the analysis period, any initial structur e
selected will require an overlay to last out the analysis period . The thickest recommended
initial structure is that corresponding to the maximum performance period . Thinner initia l
structures, selected for the purpose of life cycle cost analyses, will result in shorter per -
formance periods and require thicker overlays to last out the same analysis period . The
design of the initial structure for stage construction works the same as that for new con-
struction, except that the reliability must be compounded over all stages . The design of a n
overlay as a stage construction alternative is presented in Chapter 13 .

If the loss of serviceability is caused by traffic loads alone, the length of the per-
formance period, which is related to W18, for a given serviceability loss can be deter -
mined from Figure 11 .25 or directly from Eq . 11 .37 . However, if the serviceability loss
is caused by both traffic loads and the environmental effects of roadbed swelling an d
frost heave, the performance period for a given terminal serviceability can be deter -
mined only by an iterative process, as illustrated by the following example .
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Example 11 .13 :

Given the following design inputs, determine the length of the performance period required :
structural number SN = 5 .0, reliability R = 95%, standard deviation So = 0 .35, initial service -
ability po = 4 .3, terminal serviceability p t = 2.5, effective roadbed soil resilient modulus
MR = 5000 psi (35 MPa), OPSI due to both swelling and frost heave as shown in Figure 11 .23 ,
and traffic versus time relationship as

W18 = 10 x 10 6 [(1 .03) Y – 1]

	

(11 .50)

Y = 77 .91og

	

W18	 + 1

	

(11 .51 )
10 x 106

Solution: First, assume Y = 13 years . From Figure 11 .23, OPSI due to environmenta l
effects = 0 .73 ; APSI due to traffic = 4 .3 – 2.5 – 0 .73 = 1 .07 . From Eq . 11 .37 or Figure 11 .25 ,
W18 = 1 .6 X 1 06 . From Eq . 11 .51, Y = 5 .1 years, which is much smaller than the 13 years assumed .

Next assume Y as the average of 13 and 5 .1 years, or 9.0 years. From Figure 11 .23, OPSI
due to environmental effects = 0.59 ; OPSI due to traffic = 4 .3 – 2 .5 – 0 .59 = 1 .21 . From
Eq. 11 .37 or Figure 11 .25, W18 = 2 .1 x 106. From Eq . 11 .51, Y = 6 .5 years .

Finally, assume Y = (9 + 6 .5)/2 = 7 .7 years . From Figure 11 .23, OPSI due to environ -
mental effects = 0 .52 ; OPSI due to traffic = 4.3 – 2 .5 – 0 .52 = 1 .28 . From Eq. 11 .37 o r
Figure 11 .25, W18 = 2.4 x 106 . From Eq . 11 .51, Y = 7 .3, which is nearly equal to the 7 .7 years
assumed. When the difference between the assumed and calculated values is smaller than 1 year ,
no more iterations are needed and the average of the two values can be used as the performanc e
period . Therefore, the performance period = (7 .7 + 7 .3)/2 = 7 .5 years.

11 .3 .7 Comparison with Asphalt Institute Metho d

The difference in design variables makes it difficult to compare two different desig n
methods. The AASHTO design method applies the reliability concept by using averag e
values for all variables, including the effective roadbed soil resilient modulus . The As-
phalt Institute method does not consider reliability and uses a normal subgrade re-
silient modulus that is smaller than 60 to 87 .5% of all the test values, depending on th e
level of traffic. As shown by the example in Figure 11 .26, a normal subgrade resilient
modulus of 4500 psi (31 MPa) is equivalent to an effective roadbed soil resilient mod-
ulus of 2200 psi (15.2 MPa). Because the resilient modulus is based on the averag e
value in the AASHTO method but on the 60 to 87 .5 percentile value in the Asphalt In-
stitute method, it is reasonable to assume that an effective roadbed soil resilient mod-
ulus of 3000 psi (20 .7 MPa) in the AASHTO method is about equivalent to a norma l
modulus of 4500 psi (31 MPa) in the Asphalt Institute method . Other parameter value s
to be used in the AASHTO method are reliability R = 95%, standard deviation
So = 0.45, serviceability loss OPSI = 1 .7, and layer coefficient for full-depth HMA
al = 0.44. These values are reasonable for use in the design of major highways .

Table 11 .22 shows the thicknesses of full-depth HMA required by the AASHT O
method versus those required by the Asphalt Institute method . Three HMA thicknesses ,

or
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TABLE 11 .22 Comparison of Thickness Between AASHTO and A I
Method s

AASHTO method AI metho d

HMA thickness (in.) SN ESAL HMA thickness (in . )

5 .0 2 .2 5 .2x10 3 4. 5
10 .0 4 .4 3 .6x105 9. 0
15 .0 6 .6 6 .8 x 106 14.0

Note . 1 in. = 25 .4 mm .

5,10, and 15 in . (127, 254, and 381 mm), are assumed . The structural number SN is com-
puted by multiplying the HMA thickness by 0 .44 . The ESAL based on the AASHTO
method is determined from Eq. 11 .37 . Based on the ESAL thus obtained, the thicknes s
by the Asphalt Institute method is obtained from Figure 11 .11 . It can be seen that th e
two methods check quite well . The thicknesses obtained by the Asphalt Institut e
method are 0 .5 to 1 in . (127 to 254 mm) thinner than those from the AASHTO method .

11 .4 DESIGN OF FLEXIBLE PAVEMENT SHOULDER S

As defined by AASHO (1968), a highway shoulder is the "portion of roadway contiguou s
with the traveled way for accommodation of stopped vehicles for emergency use, and fo r
lateral support of base and surface courses." Shoulders also provide recovery space fo r
errant vehicles, lateral clearance for signs and guardrails, improved sight distance in cuts ,
area for maintenance operations, and an additional lane for peak hour or detoured traffic .

11 .4.1 Current Status of Shoulder Desig n

During the early years of highway construction, the need for first-class shoulders wa s
of secondary importance . Therefore, the structural design of shoulder pavements ha s
been developed mostly by experience rather than by rational methods . However, with
the tremendous increase in both number and speed of vehicles, the need for adequat e
shoulders has greatly increased . In this section, a survey of state practices reported by
the National Cooperative Highway Research Program (NCHRP, 1979) and a positio n
paper on shoulder design prepared by the AASHTO Joint Task Force on Pavement s
(AASHTO, 1986) are presented .

Survey of State Practices A comprehensive survey of shoulder design, construction, an d
maintenance was conducted during 1967 by the Committee on Shoulder Design of the
Highway Research Board and again during 1977 by NCHRP . It was found that nearly hal f
of the states did not make any changes in their shoulder design standards during the ten -
year period. Following is a summary of the findings reported by NCHRP:

1. The predominant criterion for selecting shoulder type, thickness, width, and slop e
is the combination of highway classification and traffic volume .

2. Although surface drainage can be provided by the cross slope of the shoulders, a sig -
nificant number of states use some combination of dikes, catch basins, and gutters t o
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minimize slope erosion. For subsurface drainage, the predominant policy is to us e
underdrains or a free-draining base .

3. Shoulder conditions are evaluated in nearly all states through visual inspections ,
usually by a member of the maintenance team .

4. Most states use the same width and slope of shoulders for both rigid and flexible
pavements. On interstate highways and freeways, nearly 80% of the states use a
10-ft (3-m) width for the outside shoulder. More than 40% of the states use a 4-ft
(1 .2-m) width for the median shoulder ; the other states use a median shoulder o f
3 to 10 ft (0 .9 to 3 .0 m), depending upon traffic volume and number of lanes .
Shoulder slope is usually the same for both outside and median shoulders . The
predominant slope is 4% or in ./ft.

5. Only five states permit regular use of shoulders for slow-moving vehicles, al -
though ten states permit such use under certain conditions .

6. All states use a 4-in. (102-mm) white reflectorized edge stripe to delineate th e
outside shoulder and a yellow edge stripe to delineate the median shoulder .
However, a number of states supplement the edge stripe with contrasting color ,
texture, or rumble strips on the shoulder . Edge stripes are usually placed on the
travel lane at or near the shoulder, but some states placed them on the paved
shoulder .

Position Paper on Shoulder Design In view of the wide variety of practices related to
shoulder design, a position paper was published as Appendix E in the AASHT O
design guide. It was mentioned that California has a formal procedure for shoulder
design, 14 other states have documented policies but no formal procedure, 28 state s
have no policy, and 5 states pave their shoulders integrally with the mainline pave-
ments. Therefore, a definite need exists to develop criteria for a unified and widel y
accepted shoulder design guide.

The paper lists the following points that may need to be considered in shoulder
design:

1. Shoulder thickness design as related to load-carrying requirement s

2. Cost and service criteria for stabilization of shoulder aggregate base cours e

3. Problems associated with the interface of pavement edge and shoulder edg e

4. Abrasive effects of traffic

5. Permeability or degree of imperviousness required for shoulder aggregate bas e
course

6. Relationship between shoulder performance and subgrade suppor t

7. Relationship of shoulder drainage subsystem to overall subsurface drainage syste m

8. Construction and maintenance methods and operations that result in advers e
shoulder performance

9. Effect of environment on shoulder performance

10. Type and texture of shoulder surface for waterproofing and delineating purpose s

11. Effects of shoulder geometrics on performanc e

12. Warrants for paved shoulders
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Regarding the specific design of shoulders, the paper lists the following recom-
mendations :

1. Design shoulder thickness to meet criteria reflecting the magnitude and frequen-
cy of loads to which the shoulder will be subjected .

2. Integrate shoulder drainage with the overall pavement subdrainage system .

3. Avoid the use of aggregate base courses having a significant amount of fine ma -
terials passing through a No. 200 sieve, to prevent frost heaving, pumping, clog -
ging of the shoulder drainage system, and base instability.

4. Take advantage of the desirable performance features of plant-mixed bituminou s
and various stabilized shoulder materials as opposed to bituminous surface-treated ,
unbound shoulder aggregate bases .

5. Have a definite program of shoulder maintenance .

6. Take advantage of the desirable performance of rigid shoulders adjacent to rigi d
mainline pavements.

7. Develop criteria for paving shoulders .

The position paper was submitted to the states for comments in 1981 . There wa s
no general consensus expressed . However, the following comments are pertinent and
reflect the preferences of individual agencies :

1. Design mainline and shoulder pavements as a single unit, to allow for future ad-
ditions of new traveled lanes.

2. Use the same material for both mainline and shoulder pavements and tie con-
crete shoulders to the mainline concrete pavement .

3. Provide for means to seal the joint between the shoulder and the traveled way .

4. Develop shoulder design criteria for low-volume roads and investigate the ad -
vantage and economy of using a 28- to 30-ft (8 .5- to 9 .1-m) mainline section with
aggregate shoulders.

5. Give proper consideration to a full-depth shoulder alternative .

6. Consider the use of shoulders for detouring traffic or as an extra lane durin g
peak hours.

11 .4.2 Prediction of Traffic for Shoulder Desig n

The factors affecting shoulder design are similar to those affecting mainline pavement
design. The major difference is the amount of traffic . Traffic volume on shoulders i s
lower than on mainline pavements and more difficult to predict . Three types of traffi c
may be considered in shoulder design : encroaching traffic, parking traffic, and regula r
traffic . Regular traffic is considered only if the use of shoulder as an additional lane fo r
peak hour or detoured traffic is anticipated . If there is no regular traffic, the sum of
encroaching and parking traffic is used to design the inner edge of shoulder adjacent t o
the mainline pavement, and parking traffic is used to design the outer edge of shoulder.
If a uniform thickness is used for shoulders, only the inner edge need be considered .
However, this may not be true for rigid pavement shoulders, because the stresses and
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deflections at the outer edge are much greater than those at the inner edge and may
cause more damage even though the traffic volume is smaller .

Encroaching Traffic When there is a paved shoulder and no lateral obstruction with -
in the shoulder area, trucks using the outer traffic lane tend to encroach on the shoulde r
as much as 12 in . (305 mm) and sometimes even more. In California (1972), shoulder sec -
tions are designed for 1% of the mainline traffic in the adjacent lane with a minimum
traffic index of 5, which corresponds to approximately 1 0 4 equivalent 18-kip single-axle
load applications . Results of a study in Georgia (Emery, 1975) showed that the use of
1% is low for some traffic flow conditions. In the absence of additional data, Barksdale
and Hicks (1979) recommended that, for free flow traffic conditions in rural areas o f
the south, the inner edge of the shoulder should be designed for at least 2 to 2.5% of
the truck traffic on the outer lane .

Because local conditions vary significantly, the best way to determine the per-
centage of encroaching traffic is to make an actual survey on a segment of highwa y
with paved shoulders, which has the same traffic, geometric, and topographic condi-
tions as the design case in question . For the study performed in Georgia, trucks wer e
selected at random and followed by observers for 10 miles (16 km) . Those trucks not
completing the full 10-mile (16-km) trip were dropped from the analysis . The longitu -
dinal distance for each encroachment is estimated from the prevailing speed and th e
time during which the truck encroaches on the shoulder . The percent encroaching traf-
fic, which is the ratio of load applications on the shoulder to those on the adjacent lane ,
can be computed by

Pe =
Ne Le

X 100

	

(11.52)
No Lo

in which Pe is the percent encroaching traffic, Ne is the total number of encroachments
per day, L e is the average length of each encroachment, No is the number of load appli -
cations per day on the outside lane, and L o is the length of observed distance, such as
10 miles (16 km) used in the Georgia study . Note that No Le is the total length o f
encroachment for all trucks and Ne L e/No is the length of encroachment per truck, so Pe
can also be defined as the length of encroachment per truck within an observed dis-
tance L o .

Field observations indicate that Pe usually varies from 1 to 8% of the traffic
volume on the adjacent lane. The percentage of parking traffic should be added to Pe ,
because any truck must encroach to park on the shoulder .

Example 11 .14 :

This example is the result of an actual survey on a 10-mile segment of I-75 at Perry, Georgi a
(Emery, 1975) . Given the number of trucks on the outside lane per day No = 2239, the numbe r
of shoulder encroachments in the 10 mile (16 km) stretch Ne = 7389, and the average distance of
each encroachment L e = 384 ft (117 m), determine the percent encroachment P e .

Solution: Given Ne = 7839, Le = 384 ft (117 m), No = 2239, and L o = 52,800 ft (16,100 m) ,
from Eq. 11 .52, Pe = [(7389 x 384)/(2239 x 52,800)] X 100 = 2 .4% .
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Parking Traffic Parking traffic is the number of load applications for trucks that par k
on the shoulder for emergencies or other purposes . This information can also be esti-
mated for the design section by using traffic counts on an existing pavement with simi-
lar traffic and design characteristics . Parking traffic usually varies greatly along a give n
route, depending on geometric and interchange conditions . Because most trucks par k
near interchange ramps, it may be necessary to identify separate design sections fo r
areas where parking is likely and for areas where minimum parking is expected . The
parking survey should last at least one day and cover the early morning hours, durin g
which more parking usually takes place .

Similar to percent encroaching traffic, the percent parking traffic can be com-
puted by

PP
= Np

Lp x 100

	

(11 .53)
No Lo

in which PP is the percent parking traffic, which is the ratio between parking traffic an d
the traffic on the outside lane: Np is the number of parked trucks per day ; Lp is the av-
erage distance the trucks drive on the shoulder during a typical stop, which can be de-
termined from a field survey ; No is the number of trucks traveling on the outside lane
per day; and L o is the length of segment for the parking survey. Field observations indi -
cate that Pp may range from 0 .0005 to 0 .02 percent . Note that the percent parking traffi c
is much smaller than the percent encroaching traffic and can usually be neglected .

Example 11 .15 :

Based on a limited field survey on I-80 in Illinois, the average number of trucks that might park o n
a 2-mile (3 .2-km) stretch of shoulder during one day could range from 1 to 25 (Sawan and Darter ,
1979) . If the number of trucks on the outside lane is 2951 per day and a truck drives an average o f
200 ft (61 m) during each parking manuever, determine the range of percent parking traffic .

Solution: Given Np = 1, L p = 200 ft (31 m), No = 2951, and L o = 2 x 5280 = 10,560 ft
(1573 m), from Eq . 11 .53, Pp = [(1 X 200)1(2951 x 10,560)] x 100 = 0 .00064%. If Np = 25 ,
Pp = 0.00064 x 25 = 0 .016% . The range of Pp is from 0 .00064 to 0.016% .

Regular Traffic If it is anticipated that the shoulder will be used by regular traffic at
any stage of its design life, this additional traffic should be added to the encroachin g
and parking traffic to form the total shoulder design traffic . The ultimate design is to
consider the shoulder as an extra lane with the same traffic and cross section as that of
the mainline outer lane .

11 .4.3 Thickness Design Concepts

As indicated in the AASHTO position paper, many problems need to be solved before
a unified and widely accepted shoulder design procedure can be developed . In this sec-
tion, some of the design concepts are discussed .

Type of Shoulders The first decision to be made is the type of shoulder to be used . The
Technical Advisory issued by FHWA (1982) recommends the use of similar materials for
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mainline and shoulder pavements . Therefore, flexible shoulder pavements should be use d

with flexible mainline pavements, and rigid shoulder pavements should be used with rigi d
mainline pavements. If asphalt shoulders are placed adjacent to concrete mainline slabs ,
serious problems will occur at the longitudinal joint between slabs and shoulders becaus e
the difference in thermal expansion and contraction between dissimilar materials will in -
troduce additional stresses on joint sealants that are already being stressed by differentia l
vertical deflections across the joint . The problem is further compounded by the fact that
few joint sealants are suited to bond dissimilar materials . Longitudinal joints between flex -
ible shoulders and flexible mainline pavements generally do not exhibit serious problem s
and can easily be sealed, even if some separation takes place .

Configuration of Shoulder Section The thickness of shoulder can be uniform or
nonuniform. Many agencies suggested that the same thickness be used for shoulder an d
mainline pavements to allow for maximum safety and performance, flexibility in shoul -
der use during periods of construction or congestion, and the potential for future addi-
tions of traffic lanes. Some suggested that the thickness at the inner edge of the shoulde r
pavement should be the same as the thickness of the mainline pavement, to avoid prob-
lems associated with varying support and volume change on both sides of the joint
(ERES, 1987) . Barksdale and Hicks (1979) recommended that shoulder sections be de-
signed structurally for the expected amount of traffic due to encroachment, using cur-
rently accepted mainline design methods. Because virtually all truck encroachments an d
shoulder failures occur within 2 ft (0 .61 m) of the longitudinal joint, Barksdale and Hick s
suggested the use of a shoulder design having a variable structural strength, such as ta-
pered sections or special support in the critical areas of heavy loading . On low-volume

roads, the use of a 28- to 30-ft (8 .5- to 9.1-m) mainline section with granular shoulders ha s
special advantage . The mainline pavement can be striped to provide standard traffic
lanes and reduce premature shoulder deterioration due to encroachment, while a suffi-
ciently wide granular shoulder is provided to permit emergency use .

It can be seen that a variety of opinions exist on shoulder thickness design . If the
thickness of the shoulder is the same as that of the mainline pavement and shoulde r
drainage is integrated with the overall pavement drainage design, as has been practice d
by several states, there is no need to design shoulder thickness separately. The reason

for using thinner pavements or tapered sections for shoulders is economy. It is difficult

to find a consensus on shoulder design, so the final selection should be based on loca l

experience, engineering judgment, and the availability of funds.

Environmental Effects The use of thinner shoulder sections makes environmental
effects, such as roadbed swelling, frost heave, and drainage conditions, become more
important, and they could govern the thickness of shoulder pavement required .

First, the foundation soil should be analyzed to determine its susceptibility t o

frost damage. If the average depth of frost penetration is more than 6 in . (152 mm), the
thickness of the base and subbase must be selected to provide frost protection by usin g
some appropriate methods, such as the procedure developed by the U.S . Army Corps

of Engineers (1961) .
Next, the need for proper drainage must be evaluated . A system for evaluating

the moisture accelerated distress (MAD) was developed by Carpenter et al . (1981) and
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may be used for shoulder design . If the MAD index, which is based on the climate o f
the area and the properties of the subgrade, indicates that drainage is required, a
drainage layer is assumed, and its adequacy is checked by using the drainage evalua-
tion criteria in the MAD system. If the assumed drainage is inadequate, a different de -
sign must be assumed and the process must be repeated, until a satisfactory design is
obtained . The thickness of the drainage layer should then be compared with the mini -
mum thickness required for frost penetration . If the drainage layer is thinner than what
is required for frost protection, the thickness of drainage layer must be increased or a
subbase added and the adequacy of the design reevaluated . The MAD system can also
be used to determine the need for underdrains, if any.

Finally, based on the predicted traffic, material properties, and climate variables ,
a structural design can be conducted using the method for mainline pavements . The
thicknesses thus determined must be checked against those required for frost penetra-
tion and drainage and modified as necessary to meet these criteria .

SUMMARY

This chapter presents several methods for flexible pavement design, including a cali-
brated mechanistic procedure, the Asphalt Institute method, the AASHTO desig n
guide, and several methods for the design of shoulders .

Important Points Discussed in Chapter 1 1

1. The ideal design method, still under development, is the calibrated mechanisti c
procedure. It consists of a number of response models to evaluate the stresse s
and strains in the pavement system and a number of distress models using the
pertinent stress or strain as an input . These distress models require careful cali-
bration and verification to ensure that satisfactory agreements between predict-
ed and observed distress can be obtained .

2. The response models include the heat transfer model, the moisture equilibriu m
model, the infiltration and drainage model, and the structural model . The finite
element structural model can analyze nonlinear pavement systems more realisti -
cally by considering the variation of elastic modulus within each layer . If only
critical stresses or strains are desired, the layer system program with an iterativ e
scheme for nonlinear analysis might also serve the purpose .

3. The distress models include the fatigue cracking model, the rutting model, an d
the low-temperature cracking model . The roughness model and the performanc e
model may also be included, if needed . When the design is based on each type of
distress, it is preferable to use the various load groups for damage analysis, rathe r
than an equivalent single-axle load, because the equivalent factor for each typ e
of distress is different from that for the others .

4. From a theoretical view point, the use of the reliability concept to define th e
extent of distress is a much better approach than the use of the deterministi c
method. The variability of the design factors means that a pavement may or ma y
not fail when the stress is exactly equal to the strength or when the damage rati o
is exactly equal to one . However, the extent of distress depends on the probability
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that the stress will exceed the strength or the damage ratio will exceed one . The
thermal cracking model developed by Shahin and McCullough (1972) was de -
scribed in details because it applies the reliability concept to predict both th e
low-temperature cracking and the thermal fatigue cracking . It is hoped that the
same concept would be used in other distress models .

5. The design method from the Asphalt Institute is based on the equivalent 18-ki p
single-axle load. Two failure criteria are employed : (a) fatigue cracking based on
the horizontal tensile strain at the bottom of the asphalt layer and (b) rutting
based on the vertical compressive strain on top of the subgrade . The method
applies the cumulative damage concept and assumes that failures occur when th e
damage ratio is equal to one. The variability of the design factors and the reliabil -
ity of the design are not considered in the design procedure .

6. A computer program called DAMA was used by the Asphalt Institute to develo p
a series of design charts for full-depth HMA, HMA over aggregate base, an d
HMA over emulsified asphalt base. The program considers the asphalt layer an d
the subgrade as linear elastic and the granular base as nonlinear elastic . Each
year was divided into 12 months, and the elastic moduli of the asphalt layer, the
granular base, and the subgrade were varied monthly with assumed climatic con -
ditions . Three temperature regimes (representing New York, South Carolina, an d
Arizona) were assumed, but only the charts for South Carolina, which represent s
the climate over a large part of the United States, were included in the 1981
version of MS-1 and reproduced here . Charts representing New York and Ari-
zona were later added in the 1991 version of MS-1 .

7. The Asphalt Institute devoted extensive effort to comparing the predicted thick-
ness obtained from the charts with the actual thickness on pavements of known
performance . Six separate sources of data were utilized, representing a total o f
394 individual data points for pavements from California, Minnesota, Illinois, and
Canada. It was found that the predicted thickness was about 1 .61 in . (41 mm)
greater than the actual thickness, so the use of the design charts is quite conserv-
ative. For lack of documented data, the southern and eastern parts of the United
States were excluded from the comparison .

8. The AASHTO design method is based on the empirical regression equation ob-
tained from the AASHO Road Test in Ottawa, Illinois . The design is based on th e
equivalent 18-kip single-axle load . The original equation is applicable only to th e
specific environmental and soil conditions at the test site . To make it applicable to
other areas of the nation, the equation was modified by introducing an effectiv e
roadbed soil resilient modulus MR and two drainage coefficients m 2 and m 3 for
granular base and subbase, respectively. Although only one type of HMA, granu -
lar base, and subbase was used in the Road Test, the equation can be applied to
other materials by varying the layer coefficients, which have been correlated em -
pirically with the resilient moduli .

9. The effective roadbed resilient modulus is an equivalent modulus that would re-
sult in the same damage if seasonal modulus values were used . The equation for
evaluating relative damage was derived from the AASHTO equation based on
the cumulative damage concept . It has been demonstrated that most of the dam -
age is done during the short period of spring breakup . As a result, the effective
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roadbed resilient modulus is much smaller than the normal modulus usually
taken during summer or fall .

10. A salient feature of the AASHTO design guide is the inclusion of reliability an d
standard deviation as design factors . The guide encourages the use of stage con-
struction for high-traffic facilities by selecting a longer analysis period with a n
initial performance period plus at least one rehabilitation period. Because the
Road Test lasted only about two years, the AASHTO equation does not includ e
the loss of serviceability due to the environmental effects of roadbed swelling
and frost heave. The consideration of these effects on stage construction was
illustrated .

11. A definite need exists to develop criteria for a unified and widely accepted shoul-
der design guide . To avoid the difficulty of sealing the longitudinal joint betwee n
shoulder and mainline pavements, asphalt shoulders should be used for asphal t
pavements but not for PCC pavements .

12. Factors affecting shoulder design are similar to those affecting mainline pave-
ment design . Shoulders should be designed according to the amount of traffic an -
ticipated, including encroaching traffic, parking traffic, and regular peak hour or
detoured traffic, if any. When thinner sections are used for shoulders, the envi-
ronmental effects, such as roadbed swelling, frost heave, and drainage conditions ,
become more important and could govern the thickness of shoulder required .

PROBLEM S

11.1 Figure P11 .la shows a thin pavement laid on a subgrade consisting of a layer of sand, 5 ft
thick, underlain by a clay. The water table is 10 ft below the surface . The mass unit weigh t
of sand is 120 pcf and that of clay is 100 pcf . The compressibility factor for the clay is 0 .5 .
The soil suction–moisture content curves for each soil are shown in Figure Pll .lb .
Neglecting the weight of the pavement, determine the moisture content of the subgrade a t
the following two points: (a) point A, which is 7 ft above the water table, and (b) point B ,
which is 3 ft above the water table . [Answer; 10%, 21% ]

FIGURE P11 . 1
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11 .2 Based on the test results shown in Figures 11 .4 and 11 .5, estimate the coefficients of per-
manent deformation in the Ohio State model, as indicated by a, b, and m in Eq . 11 .16 .
[Answer: 0 .89, 0 .91, 0.79 ]

11 .3 The fatigue equation for an asphalt pavement is Nf = 5 X 10 -6 (E t ) -3 , in which Et is the
tensile strain . If the pavement is subjected to 5000 thermal cycles with a maximum tensil e
strain of 0 .0005 in ./in. and the coefficient of variation of Nf , C[Nf], is 0 .8, estimate the per -
cent area cracked that is due to thermal fatigue cracking . [Answer: 0 .5% ]

11.4 Figure P11 .4 shows an asphalt pavement with the thicknesses and the resilient moduli o f
the granular base and subgrade as indicated . The hot mix asphalt has a viscosity o f
2.5 X 106 poise at 70°F, a bitumen volume of 11%, and a fine content of 5% passing No .
200 and is subjected to a loading frequency of 8 Hz . The air void content is 4% for the surface
course and 7% for the binder course. The mean monthly air temperature is 68°F . By the
Asphalt Institute procedure, as used in the DAMA program, determine (a) temperature s
for surface and binder courses using Eq. 3 .27, (b) dynamic moduli of surface and binder
courses using Eq. 7 .27, and (c) the modulus of the untreated base using Eqs . 3 .28 and 3 .29 .
[Answer : (a) 81 .3 and 78 .3°F, (b) 4 .2 X 105 and 3 .8 X 105 psi, and (c) 20,700 psi]

HMA Surface Course

	

c 2 in.

HMA Binder Course

	

6 in .

Untreated Granular Base

MR = 8000 0 0 .5

	

8 in .

Sub grade E 3 = 10,000 psi

	

FIGURE P11 . 4

11.5 A six-lane (three in each direction) rural interstate highway has a truck count of 1885 per da y
(including two-axle, four-tire panel and pickup trucks) and an annual growth rate of 4% . Th e
HMA will be laid on an untreated granular base, 8 in . thick, which is placed on a subgrad e
with a resilient modulus of 10,000 psi. (a) Referring to Tables 6 .9 and 6 .10, estimate ESAL fo r
a design period of 20 years by the Asphalt Institute method . (b) Determine the HM A
thickness required by the Asphalt Institute method . (c) If part of the HMA is replaced b y
emulsified asphalt mix type I, determine the thicknesses of HMA and of emulsifie d
asphalt required. [Answer: (a) 4 .26 x 106 , (b) 10 in ., (c) 2 in . and 8 .5 in. or 3 .5 in . and 7 in .]

11 .6 A stage construction is planned for a full-depth asphalt pavement with a subgrade resilien t
modulus of 5000 psi. The design period is 30 years and is divided into three stages : the first
5 years, the middle 10, and the last 15 . The first year traffic on the design lane is 20,00 0
equivalent 18-kip single-axle load applications, and the annual growth rate is 3 .5%. If the
damage ratios at the end of each stage are 0.5, 0 .75, and 1 .0, respectively, determine the
thicknesses of HMA to be placed in each stage by the Asphalt Institute method . [Answer :
8 .5, 2 .5, and 1 .5 in . ]

11 .7 From the properties given in Problem 11-4, estimate the structural number of the pave-
ment shown in Figure P11 .4, assuming that the drainage coefficient of the base is 1 .
[Answer: 4 .6]

11.8 For a mean annual air temperature of 45°F and a normal modulus of 22,500 psi, determin e
the effective roadbed soil resilient modulus for the monthly moduli shown in Table 11 .1 0
[Answer: 22,200 psi]
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11.9 A 12-in . full-depth asphalt pavement is placed on a subgrade with an effective roadbe d
resilient modulus of 10,000 psi. Assuming a layer coefficient of 0 .44 for the hot mix
asphalt, a drop in PSI from 4 .2 to 2 .5, an overall standard deviation of 0 .5, and a predicted
ESAL of 3 X 10', determine the reliability of the design by the AASHTO equation, and
check the result by the AASHTO design chart. [Answer : 88% ]

11.10 An interstate highway pavement composed of a HMA surface course, a cement treate d
base course, and a sand–gravel subbase is to be designed for an ESAL of 1 .2 X 10 6. The
quality of drainage is considered fair because water can be removed from the subbas e
within a week. However, there is a large amount of precipitation, so more than 25% of th e
time the pavement will be exposed to moisture levels approaching saturation . The materi-
al properties are as follows : effective roadbed soil resilient modulus = 5500 psi, resilien t
modulus of subbase = 15,000 psi, unconfined compressive strength of cement-treate d
base at 7 days = 500 psi (see Figure 7.15c for correlation), and resilient modulus o f
HMA = 4 .3 x 105 psi . Assuming a minimum thickness for HMA, determine the thick-
nesses of the surface, base, and subbase courses required . [Answer : 3 in ., 6 in ., and 9 in .]

11.11 The design ESAL for a mainline pavement is 5 X 10 6 . The encroaching traffic on th e
shoulder is 2 .5%, and the parking traffic is 0 .02% . The subgrade resilient modulus is 800 0
psi, and a full-depth construction is used for both mainline and shoulder pavements . B y
the Asphalt Institute method, determine the thicknesses of mainline and shoulder pave-
ments required . [Answer : 12 in ., 6.5 in . ]

11 .12 Given ESAL = 5 x 10 6, Pe = 2 .5%, PP = 0.02%, PSI = 1 .7, and MR = 5000 psi, deter -
mine the structural number SN of the mainline and shoulder pavement required for a reli-
ability of 50%. [Answer : 4 .2, 2 .4]
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12.1 CALIBRATED MECHANISTIC DESIGN PROCEDUR E

As with flexible pavements, the calibrated mechanistic design procedure involves th e
application of structural models to calculate pavement responses, the development o f
distress models to predict pavement distress from structural responses, and the calibra-
tion of the predicted distress with the observed distress on in-service pavements .
Figure 12 .1 shows the general methodology for rigid pavement design . This figure i s
similar to Figure 11 .1 for flexible pavements, except for step 5 on structural models an d
step 8 on distress models.

The structural models for rigid pavement analysis are more advanced than th e

distress models. Several finite element programs can be used as structural models, bu t
most of the distress models are regression equations derived empirically with a larg e
scatter of data. The major types of distress to be modeled include fatigue cracking ,
pumping, faulting, and joint deterioration for jointed concrete pavements and pun-
chouts for continuous reinforced concrete pavements . Some steps in Figure 12 .1 are
described in Sections 11 .1 .1 and 11 .1 .2 ; only the steps involving these new models ar e
discussed in this section . Most of the models presented herein were developed by th e
University of Illinois and described in Report 1-26 (NCHRP, 1990) .

12 .1 .1 Structural Model s

To analyze rigid pavement systems accurately, Report 1-26 (NCHRP, 1990) indicated
that the structural models used must have the following minimum capabilities :

1. To analyze slabs of any arbitrary dimensions .

2. To analyze systems with two layers (slab and subbase), either bonded or unbonded ,
with the same or different material properties.

3. To analyze slab systems on either a liquid or a solid subgrade.
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FIGURE 12 . 1

Methodology of calibrated mechanistic procedure for rigid pavement design .

4. To analyze slab systems with either uniform or nonuniform support, so that los s
of support due to erosion or other causes can be taken into account .

5. To analyze multiple slabs with load transfer across the joints or cracks .
6. To consider slab warping and curling simultaneously with load responses .
7. To analyze slabs with variable crack spacings for CRCP design .

8. To analyze slabs with any arbitrary loading conditions, including single or multi-
ple wheels, variable tire pressures, and loads applied at arbitrary assigned dis-
tances from cracks, joints, or slab edges .

9. To analyze pavement systems with arbitrary shoulder conditions, including as-
phalt shoulders, tied concrete shoulders, and extended driving lanes with asphal t
or concrete shoulders beyond the extended slab.

10. To analyze systems with nonuniform slab or shoulder thicknesses.

After reviewing several finite element models, Report 1-26 recommended the
use of ILLI-SLAB as the basic model for the analysis of rigid pavements . The
KENSLABS program presented in this book also meets all the preceding require-
ments . In addition to liquid and solid foundations, KENSLABS can be applied to a
layer subgrade consisting of up to six layers .

Report 1-26 also indicated that the finite element programs require a large com-
puter core capacity, and conventional personal computers with a core capacity of 640 K

7 . DESIGN RELIABILITY
(Chap . 10 )
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are not adequate to obtain reliable and accurate results . This statement was true at the
time of the report . With the recent advance in personal computers and the introductio n
of the Windows operating system, core capacity is no longer a problem. However, a
large finite-element program still requires a considerable time to run .

One way to reduce the computer time needed is to develop algorithms or regressio n
equations to replace structural models for calculating pavement responses (Zollinger an d
Barenberg, 1989) . These algorithms can be developed by running a finite element pro-
gram thousands of times and fitting the results with regression equations. Tabulated value s
of the regression coefficients can be provided on a disk; the algorithms can be run on a PC .
However, this method can be used only for typical designs with a limited number of vari -
ables that can be changed, such as PCC thickness, modulus of subgrade reaction, magni -
tude of single-axle load, and concrete modulus of elasticity. For unusual situations, such a s
axle loads with special configurations, voids under the slabs, two layers of slabs, and slab s
of nonuniform thickness, the finite-element program must still be used .

12 .1 .2 Fatigue Cracking Model s

The fatigue of PCC was described in Section 7 .3 .2 . As with flexible pavements, th e
accumulation of fatigue damage can be expressed as a summation of damage ratios, de -
fined as the ratio between predicted and allowable number of load repetitions . Howev -
er, instead of relating to tensile strain, the allowable number of load repetitions i s
related to the stress ratio, which is the ratio between the flexural stress and the modu-
lus of rupture . The same probability concept used to define percent area cracked ca n
be used to define percent of slabs cracked .

Truck Load Placement The fatigue of concrete can cause both transverse cracking ,
which initiates at the pavement edge midway between transverse joints, and longitudi -
nal cracking, which initiates in the wheelpaths at transverse joints, usually at the wheel -
path nearest the slab centerline. Figure 12 .2 shows the most critical loading and stres s
locations to be considered for fatigue analysis . Transverse cracking is caused by the
midslab edge loading, and longitudinal cracking is caused by the joint loading .

The lateral distribution of traffic means that wheel loads are not applied at th e
same location, so only a fraction of the load repetitions need be considered for fatigu e
damage . Report 1-26 suggested the use of an equivalent damage ratio, EDR, for each
critical loading position . EDR is the ratio of the traffic applied at a critical location tha t
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FIGURE 12 . 2
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locations for fatigue analysis .
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will produce the same accumulated fatigue damage as the total traffic distributed ove r
all locations . It was demonstrated in Report 1-26 that an EDR of 0 .05 to 0 .06 can be
used for the midslab edge loading with asphalt shoulders and that an EDR of 0 .25 to
0.28 can be used for joint loading. For edge loading with tied concrete shoulders, th e
EDR ranges from 0 .12 to 0 .34 . Therefore, the truck-load placement, which is not a fac-
tor in flexible pavement design, must be carefully considered in rigid pavement design .

Curling Stress Report 1-26 suggested the use of combined loading and curling stress-
es for determining the stress ratio and thus the allowable number of load repetitions . In
addition to the number of periods and load groups, a new loop indicating curling con-
ditions must be added to Eq . 3 .19 :

Dr– 1E1 nI k, )

	

(12.1 )
i=1 k=1 j= 1

In this equation, Dr is the accumulated damage ratio over the design period at the crit-
ical location, i is the counter for periods or subgrade support values, p is the total num-
ber of periods, k is the counter for three curing conditions (day, night, and zer o
temperature gradient), j is the counter for load groups, m is the total number of load
groups, ni,k is the predicted number of load repetitions for the jth load group, kth curl-
ing condition, and ith period, and Ni,k,j is the allowable number of load repetitions for
the jth load group, kth curling condition, and ith period . The inclusion of curling stress
complicates the computation, because the traffic has to be divided into three time peri-
ods, each with a different temperature gradient . It does not appear reasonable to com-
bine loading and temperature stresses, since they do not occur at the same frequency . A
pavement may be subject to thousands of load repetitions per day due to traffic, bu t
the number of repetitions due to temperature curling is mostly only one a day . If curl-
ing stresses cannot be ignored and longer panel lengths have significant effects on fa-
tigue cracking because of higher curling stresses, it is more reasonable to consider th e
damage ratios due to loading and curling separately and then combined, as illustrate d
by the Shahin—McCullough model for flexible pavements presented in Section 11 .1 .4 .

Curling may not affect the fatigue life significantly because the curling stress may
be subtracted from or added to the loading stress, thus neutralizing the effect . The edge
stress is further reduced by moisture warping because the moisture contents at the bot-
tom of slab are very frequently higher than those at the top . The curling stress shoul d
be much reduced when new pavements are to be constructed with reasonably short
panel lengths. The calibration of the model can further minimize the effect of curling
stress . For example, Figure 12 .3 shows a plot of calibrated performance curves for joint -
ed concrete pavements relating the percent slabs cracked to the accumulated damag e
ratio . The stress ratio used in calculating the fatigue relationships shown in the figur e
included both loading and curling stresses. If curling stresses were eliminated from thi s
calculation, different performance curves would be obtained . However, the percent
slabs cracked should not be significantly affected if the same procedure, either includ-
ing or excluding the curling stress, is used in both design and calibration processes .

The performance curves shown in Figure 12 .3 were based on field calibration . For
50% reliability, the theoretical percent slabs cracked at a damage ratio of 1 should be
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II

	

~95 % Reliability
Y(50%) = 46 .484 — (22 .754) Log(Fat.Dam. X 10 E + 0 .6)

+ (3 .418) Log(Fat.Dam. X 10 E + 0.6)2

§5% Reliability pi

4• 50% Reliability

Cracking
8% ,

~~1~

I
• .

50%, but the percentage shown in the figure is only 27% . One possible cause for th e
discrepancy is the difficulty of determining the concrete modulus of rupture during th e
entire evaluation period from the initial loading to the time of evaluation . Additional
research needs to be done on the best method for estimating concrete strength in ex-
isting pavements and on how the observed cracking can be correlated with the damag e
ratio and the probability of cracking .

12 .1 .3 Pumping and Erosion Model s

There is an important mode of distress in addition to fatigue cracking that needs to b e
addressed in the design of rigid pavements . This is the pumping and erosion of materi -
al beneath and beside the slab . In fact, most of the failures in the Maryland and
AASHO road tests were the result of pumping .

Factors that influence pumping and erosion include the presence of water, the
rate at which water is ejected under the slab, the erodibility of the subbase material, th e
magnitude and number of repeated loads, and the amount of deflection . No mechanis -
tic models currently available take all of the above factors into account . The only avail-
able model is the one developed by PCA, which is described in Section 12 .2 . The PCA
model was based primarily on the results of the AASHO Road Test, and only the cor-
ner deflection was taken directly into consideration . Because the subbase material s
used in the AASHO Road Test are highly erodible and are currently not used by any of
the highway agencies, the application of the model appears to be limited .

Attempts have been made to correlate erosion with rate of water ejection, traffi c
loads, and pavement deflection through an energy model (Dempsey, 1983 ; Phu et al. ,
1986) . The thrust of this approach is to calculate the amount of energy involved in th e
deflection of a pavement system and establish a correlation between the total energy

absorbed for given levels of traffic and erosion . These attempts have been moderately
successful for specified conditions, but there are other factors affecting erodibility tha t
have not been duly considered. Additional work is needed before these models can b e
incorporated into a mechanistic-based pavement design procedure .

100
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0
10- 4 10 —2

	

10—1
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Accumulated Fatigue Damage Ratio
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1,000

FIGURE 12 .3

Calibrated performance curves based o n
Illinois COPES data . (After NCHRP (1990) )
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Report 1-26 also presented an empirically based pumping model that consider s
all factors believed to influence erosion and pumping of rigid pavements . The model,
which can be applied to both JPCP and JRCP by including the type of load transfer a s
a variable, was developed by using nonlinear regression techniques from a data base o f
927 pavement sections from seven states in every continental climatic zone . Becaus e
some of the regression constants in the model do not appear reasonable, the model i s
not presented here . Instead, the COPES pumping models (Darter et al., 1985), which
include separate equations for JPCP and JRCP, are presented below. Note that the
erodibility of the base course, which is an important factor contributing to pumpin g
and was considered in Report 1-26, was not included in the COPES models.

Jointed Plain Concrete Pavements

PI = (N18 )° .443 [–1.479 + 0 .255(1 – S) + 0 .0605(P)0.5

+ 52.65(H) -1747 + 0.0002269(FI) 1 .2051

	

(12.2a )

Statistics :

	

R2 = 0.6 8

SEE = 0 .4 2

n = 289

Here,

PI = pumping index rated on a scale of 0 to 3 : 0 for no pumping, 1 for low-severity
pumping, 2 for medium-severity pumping, 3 for high-severity pumpin g

N18 = number of equivalent 18-kip single-axle loads, in million s
S = soil type based on AASHTO classification : 0 for coarse-grained soils (A- 1

to A-3), 1 for fine-grained soils (A-4 to A-7)

P = annual precipitation, in cm

H = slab thickness, in inches

FI = freezing index, in degree day s

Jointed Reinforced Concrete Pavement s

PI = (N18) ° 67° [–22 .82 + 26,102 .2(H) -5 ° – 0.129(D )

– 0.118(S) + 13.224(P)°°395 + 6 .834(FI + 1)0 .00805

	

(12 .2b )

Statistics :

	

R 2 = 0.57

SEE = 0 .52

n = 481

Here, D is the indicator for the presence of subdrainage systems : 0 for no subdrainage
system, 1 for subdrainage system .

A pumping prediction model was developed by Purdue University and incorpo-
rated in the PEARDARP computer program (Van Wiji, 1985 ; Van Wiji et al.,1989) . The
model is based on field data from different sources and on the amount of deformation



12 .1 Calibrated Mechanistic Design Procedure

	

53 9

energy in the pavement structure . The volume of pumped material is calculated as a

function of the deformation energy produced by traffic . This volume is then adjusted t o

take into account the variations in subbase type, drainage conditions, load-transfer
adequacy, subgrade conditions, and climate . The model can be used in the optimum
design of rigid pavements by predicting the effect of different design alternatives o n
the development of pumping. As is true with any regression model, this model is valid
only within the data base from which it was derived . It is hoped that more mechanistic -
based models can be developed to replace the regression models .

12 .1 .4 Faulting Models

Faulting at transverse joints is a serious problem that can lead to severe roughness in
jointed concrete pavements. The mechanisms of faulting distress in doweled pave-
ments are quite different from those in undoweled pavements . Therefore, these two
pavements are discussed separately.

Doweled Pavements Faulting of doweled pavements is caused by the erosion of con -
crete around the dowels under repeated loading . Because the design of dowels is based
on the bearing stress between dowel and concrete, as described in Section 4 .4 .1, it i s
natural to assume that faulting is due to excessive bearing stress. It was found that, if
the bearing stress is kept below approximately 1500 psi (10 .4 MPa), faulting can be lim -
ited to an acceptable level .

The maximum bearing stress on dowel bars can be obtained directly by the finite -

element computer programs. As an alternative, Report 1-26 recommended the use o f

Eq. 4.45 to compute the bearing stress . The procedure is the same as the one described
in Example 4 .12, Section 4 .4 .1, except that the load is distributed over an effectiv e
length of 1 .0f, instead of 1 .8f, and the load transferred through the joint is assumed to
be 0 .45W instead of 0.5W, where W is the total load . Using the preceding method t o
calculate the bearing stress and assuming a modulus of dowel support K o f

1 .5 x 106 psi (10 .4 GPa), the following regression equation based on 280 pavemen t

sections in the COPES data base was obtained :

F = (N18 ) 0 .5377 [2 .2073 + 0 .002171(S) 0.4918

+ 0.0003292(JS)1 .0793 — 2 .1397(k) 0 .01305]

	

(12.3)

In this equation ,

F = pavement faulting, in inche s

N18 = number of equivalent 18-kip single-axle loads, in millions

S = maximum bearing stress, in ps i

JS = transverse joint spacing, in ft

k = estimated modulus of subgrade reaction on the top of the subbase, in pc i

Several climatic variables, such as the precipitation and freezing indexes, wer e
introduced originally but did not show any statistical significance and, therefore, wer e
not included in the model . This is probably due to the limited number of climatic zone s
in the data base. Because of insufficient data, many other variables, such as permeable
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FIGURE 12 . 4
Predicted faulting versus observed
faulting for doweled pavements
(1 in . = 25 .4 mm) . (Afte r
NCHRP (1990) .)
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base, subgrade type, edge support, and sub-drainage are not included . This model must
not be used to predict faulting by extrapolation beyond the data range used in its gen-
eration . This is particularly true for open-graded drainable bases, which were not in-
cluded. Figure 12 .4 is a plot of predicted faulting versus actual faulting for these 28 0
sections of doweled pavements . Note that Eq . 12.3 is quite different from Eq. 9 .54a ,
which is a later model with a more extended data base and considers the effect o f
drainage condition, edge support, and soil type .

Figure 12 .5 shows the effect of bearing stress on faulting, as obtained fro m
Eq. 12 .3, based on N18 = 10 million . Two different joint spacings and subgrade modul i
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FIGURE 12 . 5
Effect of bearing stress on faulting .
(1 in . = 25 .4 mm, 1 ft = 0 .305 m,

1 psi = 6 .9 kPa, 1 pci = 271 .3 kN/m3 ) .

2000

	

2500

Bearing Stress (p s

1500 3000 3500



12 .1 Calibrated Mechanistic Design Procedure

	

54 1

were used. It can be seen that bearing stress has the most significant effect on faulting

and joint spacing the least effect .

Undoweled Pavements To date, no mechanistic-based analyses have been attempted
for undoweled pavements. The following regression equation was derived from 186
pavement sections in the COPES data base and presented in Report 1-26 :

F = (N18)° .3157 [0 .4531 + 0 .3367(z)°3322 — 0 .5376(100w) -° .°°8437

+ 0.0009092(FI)0 .5998 + 0 .004654(B) — 0 .03608(ES )

— 0.01087(S) — 0.009467(D)]

	

(12.4)

Here,

F = faulting, in inches

N18 = number of equivalent 18-kip single-axle loads, in million s

z = joint opening, in inches, which can be determined from Eq . 4 .36

w = corner deflection, in inches, which was determined from Eq . 4 .16 based on
a 9000-lb (40-kN) load with a contact pressure of 90 psi (621 kPa) applie d

at a free corne r

FI = mean air freezing index, in degree days

B = erodibility factor for subbase materials : 0 .5 for lean concrete subbase, 1 . 0
for cement-treated granular subbase, 1 .5 for cement-treated nongranular
subbase, 2 .0 for asphalt-treated subbase, 2 .5 for untreated granular subbas e

ES = edge support condition : 0 for no edge support, 1 for tied edge beam or tie d

concrete shoulder

S = subgrade soil type : 0 for A-4 to A-7, 1 for A-1 to A- 3

D = drainage index, with 0 for no edge drains and 1 for edge drain s

Figure 12 .6 is a plot of predicted faulting versus observed faulting for these 186 sec-
tions of undoweled pavements. Note that Eqs. 12 .4 and 9 .54b are of the same form an d
contain the same variables, but the regression constants are completely different an d
due to the scope of the data base .

Table 12 .1 shows a sensitivity analysis of faulting in undoweled pavements base d

on Eq. 12 .4 . The parameter values shown in column 2 are used as the standard case . In

the other seven cases, only the parameter shown in column 1 is changed in value from

column 2 to column 3, while the other values remain the same as in column 2 . For each

case, the amount of faulting and its ratio to the standard case are tabulated .
A review of Table 12 .1 indicates that, unless the freezing index is extremely high ,

edge support and the joint opening, which are directly related to the load transfe r

across the joint and edge, have the most effect on faulting and that corner deflection ,

which is related to slab thickness, is not very sensitive to faulting .

12 .1 .5 Joint Deterioratio n

Joint deterioration includes spalling and general breakup of the concrete near th e

joints. No mechanistic methods have been developed to analyze joint deterioration .
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FIGURE 12 . 6

Predicted faulting versus observed faulting for undoweled pavement s
(1 in . = 25 .4 mm) . (After NCHRP (1990))

TABLE 12.1 Sensitivity Analysis of Undoweled Pavements

Change Faultin g

Case From To in .

	

Ratio
(1) (2) (3) (4) (5)

Standard case 0 .118 1 .00
ESAL, N18 (106) 10 20 0 .147 1 .25
Joint opening z (in.) 0 .04 0.08 0.180 1 .5 3
Corner deflection w (in .) 0 .01 0.04 0.131 1 .1 1
Freezing index FI (degree-days) 100 2000 0.268 2 .2 7
Edge support ES 0 1 0.043 0 .3 6
Base erodibility B 2.5 0 .5 0.099 0 .8 4
Subgrade soil type S 0 1 0.095 0 .8 1
Drainage index D 0 1 0.098 0 .8 3

Note. 1 in. = 25.4 mm .

The most important factor that causes joint deterioration is the "D" cracking of con-
crete, as described in Section 9.1 .2. Therefore, the use of aggregates that do not cause
"D" cracking is the first requisite to prevent joint deterioration .

A statistically based model was developed using the COPES data base . All pave-
ments showing "D" cracking and reactive aggregate distress were removed from th e
data base, and nonlinear regression techniques were used on the remaining pavemen t
sections . With over 501 pavement sections around the country, the following regressio n
equation was obtained :

DETJT = (AGE)23503(N18)0 .62974 [-0 .0021443 + 3 .6239 X 10 -6 (FI )

+ 7.08597 x 10 -5 (JS) + 3.5307 x 10-5 (SCTE)]

	

(12.5)
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In this equation ,

DETJT = percentage of deteriorated joint s

AGE = time in years since construction starte d

N18 = number of 18-kip equivalent single-axle loads, in million s

FI = mean air freezing index, in degree day s

JS = transverse joint spacing, in ft

SCTE = Thornthwaite summer concentration of thermal energ y

Table 12 .2 shows a sensitivity analysis of Eq . 12 .5 . It can be seen that age and joint
spacing have the most effect on joint deterioration, the summer concentration of ther -

mal energy the least effect .

12 .1 .6 Punchout Model s

Punchouts are the primary mode of distress in CRCP, as described in Section 9 .1 .2 . I f
this type of distress could be eliminated, CRCP would have an outstanding perfor-
mance record. A comprehensive study was made by Zollinger (1989) on punchout

distress. He described four modes of distress that eventually lead to punchout, as illus -
trated in Figure 12 .7 .

When the concrete slab cracks, the tensile stress in the steel reinforcement cause s
the fracture of surrounding concrete, as shown in (a) . The fracture of concrete reduce s
the stiffness of the slab and results in spalling on the crack surface, as shown in (b) . The
spalling on the crack surface makes the crack open wide and results in the loss of load
transfer across the crack, as shown in (c) . Without the load transfer, the slab between
two cracks acts as a cantilever beam, and the tensile stress in the transverse directio n

due to the edge loading causes the slab to crack at the top, as shown in (d) .
Figure 12 .8 shows the stresses at two critical locations in a CRCP under an 18-kip

(80-kN) single-axle load . The stresses are presented in terms of load transfer efficiency
(LTE) and crack spacing . Based on the analysis by ILLI-SLAB, the figure shows that
the maximum longitudinal tensile stress 0-B at the bottom of the slab is highly sensitive
to crack spacing but is relatively unaffected by LTE across the crack . The transverse

tensile stress oA on the top of the slab is highly sensitive to LTE whenever the crack

TABLE 12 .2 Sensitivity Analysis of Joint Deterioration

Change

	

Joint deterioration

Case

	

From

	

To

	

%

	

Ratio
(1)

	

(2)

	

(3)

	

(4)

	

(5 )

Standard case

	

7 .426

	

1 .0 0
AGE (year)

	

10

	

30

	

98 .209

	

13 .23
ESAL N18 (10 6 )

	

10

	

30

	

14 .833

	

2.0 0
FI (degree-day)

	

100

	

2000

	

14.002

	

1 .8 9
JS (ft)

	

100

	

15

	

1 .674

	

0.23
SCTE

	

70

	

35

	

6 .246

	

0.84

Note. 1 ft = 0.305 m.
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spacing is less than 4 ft . These results indicate that, if the LTE can be maintained above
90%, the maximum transverse stress will remain relatively low even when the crac k
spacing is small . When the LTE drops to 70% or lower, the maximum transverse stres s
becomes increasingly large as the LTE and crack spacing decrease. When the tensil e
stress exceeds the tensile strength, a longitudinal crack will occur . The combination o f
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poor load transfer, voids around the reinforcing steel, longitudinal cracks, and so on ,
results in a punchout.

A mechanistic method of design to prevent punchout requires a knowledge o f
LTE, which depends on the level of shear stress across the crack and the crack width .
The level of shear stress can be obtained from the finite element computer programs ,
but the determination of crack width requires an accurate prediction of crack spacing .
Under normal construction conditions, crack spacings vary so widely that a reliable de -
sign procedure cannot be achieved . For the design approach to be reliable, some means
of external control on the crack spacing is needed .

12.2 PORTLAND CEMENT ASSOCIATION METHO D

The Portland Cement Association's (PCA) thickness-design procedure for concret e
highways and streets was published in 1984, superseding that published in 1966 . The
procedure can be applied to JPCP, JRCP, and CRCP. A finite element computer pro -
gram called JSLAB (Tayabji and Colley, 1986) was employed to compute the critica l
stresses and deflections, which were then used in conjunction with some design criteri a
to develop the design tables and charts. The design criteria are based on general pave -
ment design, performance, and research experience, including relationships to perfor-
mance of pavements in the AASHO Road Test and to studies of pavement faulting .
Design problems can be worked out by hand with tables and charts presented herei n
or by a microcomputer program available from PCA .

12.2.1 Design Criteri a

One aspect of the new design procedure is the inclusion of an erosion analysis, in addition
to the fatigue analysis. Fatigue analysis recognizes that pavements can fail by fatigue of
concrete ; in erosion analysis, pavements fail by pumping, erosion of foundation, and joint
faulting .

Fatigue Analysis Fatigue analysis is based on the edge stress midway between th e
transverse joints, with the most critical loading position being shown in Figure 12 .9 .
Because the load is near the midslab far away from the joints, the presence of the joint s
has practically no effect on the edge stress . When a concrete shoulder is tied onto th e
mainline pavement, the magnitude of the critical stress is reduced considerably .

Tande m
axle load

Transverse joint

Free edge or y

	

= _
shoulder joint

FIGURE 12 . 9
Concrete shoulder i
(if used)

	

Critical loading position for

	 j_

	

fatigue analysis .
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The cumulative damage concept, as described in Section 12 .1 .2, is used for fatigue
analysis. However, only an average modulus of subgrade reaction k is used for the entire
design period, and the stresses due to warping and curling are not considered . Warping
and curling are excluded because the moisture content and temperature are usually high-
er at the bottom of the slab than at the top ; thus, the combined effect of warping and curl-
ing stresses is subtractive from the loading stresses . Consequently, Eq . 12 .1 is reduced t o

Dr =

	

n`

	

(12.6 )
i= t

in which Dr is the damage ratio accumulated over the design period due to all loa d
groups, m is the total number of load groups, nl is the predicted number of repetitions
for the ith load group, and 1V is the allowable number of repetitions for the ith loa d
group, which can be determined from Eq . 5 .36 . The accumulated damage ratio at the
end of the design period should be smaller than 1 .

The placement of outside wheels at the pavement edge produces a critical stress
higher than that at other locations . As the truck placement moves inward a few inche s
from the edge, the stress decreases significantly. At increasing distances inward fro m
the edge, the frequency of load applications increases, but the magnitude of edge stress
decreases. Theoretically, the distribution of load placement across the traffic lane mus t
be known so that the damage ratio at the pavement edge caused by each load place-
ment can be computed and summed toward the total damage . This procedure is too
cumbersome for design purposes but was analyzed by PCA to develop a more easil y
applied method . In this method, fatigue at the pavement edge was computed by plac-
ing the load incrementally at different distances inward from the slab edge for typical
distributions of truck placement . It was found that the same fatigue damage can be ob -
tained by considering the edge loading only and placing 6% of the total number of loa d
repetitions at the pavement edge . If the total number of repetitions is used for design ,
the edge stress must be reduced to obtain the same fatigue consumption . For 6% truck
encroachment, the edge stress must be multiplied by an adjusting factor of 0 .894, a s
shown in Figure 12.10 . This factor was used in preparing the design tables .

Truck Placement Studies
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	 ~	 erosion analysis .

Erosion Analysis Pavement distresses such as pumping, erosion of foundation, an d
joint faulting are related more to pavement deflections than to flexural stresses . The
most critical pavement deflection occurs at the slab corner when an axle load is place d
at the joint near the corner, as shown in Figure 12 .11 .

The principal mode of failure in the AASHO Road Test was pumping or erosio n

of the granular subbase from under the slabs . However, satisfactory correlations

between corner deflections and the performance of these pavements could not be
obtained . It was found that, to be able to predict their performance, different values o f
deflection criteria would have to be applied, depending on the slab thickness and, to a
small extent, on the modulus of subgrade reaction . A better correlation was obtaine d
by relating the performance to the rate of work, defined as the product of corner
deflection w and pressure p at the slab-foundation interface, divided by the length o f
the deflection basin, which is a function of the radius of relative stiffness 4 . The con -
cept is that a thin slab with a shorter deflection basin receives a faster load punch than

a thicker slab. The following equation was developed to compute the allowable loa d
repetitions :

log N = 14.524 - 6 .777(C 1P - 9.0) 0 .103

	

(12.7)

In this equation, N is the allowable number of load repetitions (based on a PSI of 3 .0) ,
C 1 is an adjustment factor (with a value of 1 for untreated subbases and 0 .9 for stabi-
lized subbases), and P is the rate of work or power, defined by

p2

P = 268 .7 hk o
.7

3

in which p is the pressure on the foundation under the slab corner in psi (which is equa l

to kw for a liquid foundation), h is the thickness of slab in inches, and k is the modulus

of subgrade reaction in pci . The equation for erosion damage i s

m C2 n i
Percent erosion damage = 1001	 	 (12 .9 )

i=1 Ni

in which C2 = 0.06 for pavements without concrete shoulders and 0 .94 for pavements
with tied concrete shoulders . With a concrete shoulder, the corner deflection is no t
significantly affected by the truck load placement, so a large C2 should be used . The
percent erosion damage should be less than 100% .

(12.8)
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Example 12 .1 :

The sensitivity analysis of corner deflection presented in Table 5 .12 shows that, for the standar d
case with h = 8 in . (203 mm) and k = 100 pci (27 .1 MN/m3 ), the corner deflection is 0 .0353 in .
(0 .90 mm) under an 18-kip (80-kN) single-axle load and 0 .0458 in . (1 .16 mm) under a 36-kip
(160-kN) tandem-axle load . If the predicted number of load repetitions is 5 x 10 6 , compute the
percent erosion damage under the single- and tandem-axle loads, respectively.

Solution: For the case of an 18-kip (80-kN) single-axle load, p = kw = 100 x 0 .0353 =
3 .53 psi (24 .4 kPa) . From Eq. 12 .8, P = 268 .7 x (3 .53 ) 2/[8 x (100 ) 073] = 14 .512 . Assuming
that C1 = 1.0, from Eq. 12 .7, log N = 14.524 – 6 .777(14 .512 – 9 .0)0103 = 6.444, or N =
2 .78 X 106 . With C2 = 0.06, from Eq. 12.9, percent erosion damage = 100 x 0.06 x 5 x
106/(2.78 X 106 ) = 10 .8% .

For the case of a 36-kip (160-kN) tandem-axle load, p = 100 x 0 .0458 = 4 .58 psi (31 .6 kPa) ;
P = 268 .7 x (4.58 ) 2/[8 x (100 ) 073 ] = 24 .429 ; log N =14.524 – 6 .777(24 .429 – 9.0)0.1°3 = 5 .541 ;
N = 3 .47 x 105 ; and percent erosion damage = 100 X 0 .06 x 5 x 106/(3 .47 x 105 ) = 86 .5% .

12.2.2 Design Factor s

After deciding whether doweled joints and concrete shoulders are to be used, the thick-
ness design is governed by four design factors : concrete modulus of rupture, subgrade
and subbase support, design period, and traffic . These factors are discussed below .

Concrete Modulus of Rupture The flexural strength of concrete is defined by th e
modulus of rupture, which is determined at 28 days by the method specified by AST M
in "C78-84 Standard Test Method for Flexural Strength of Concrete Using Simpl e
Beam with Third Point Loading." The 28-day flexural strength is used as the design
strength. The variability of strength and the gain in strength with age should be consid-
ered in the fatigue analysis .

In view of the fact that the variations in modulus of rupture have far greater ef-
fect on thickness design than do the usual variations in other material properties, it i s
recommended that the modulus of rupture be reduced by one coefficient of variation .
A coefficient of variation of 15 %, which represents good to fair quality control, was as-
sumed and was incorporated into the design charts and tables. Also incorporated was
the effect of strength gain after 28 days.

Subgrade and Subbase Support Subgrade and subbase support is defined by the
modulus of subgrade reaction, k . Methods for determining the modulus of subgrad e
reaction are described in Section 7 .5 .1 . Figure 7 .36 can be used to correlate k values
with other soil properties .

The PCA method does not consider the variation of k values over the year . The
contention is that the reduced subgrade support during thaw periods has very little o r
no effect on the required thickness of concrete pavements, as evidenced by the result s
of AASHO Road Test . This is true because the brief periods when k values are low dur-
ing spring thaws are more than offset by the longer freezing periods when k values are
much higher than the design value. To avoid the tedious method of considering seasonal
variations in k values, normal summer or fall k values can be used as reasonable mean
values for design purposes.
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TABLE 12 .3 Effect of Untreated Subbase on kValue s

Subgrade Subbase k values (pci )
k valu e

(pci) 4 in . 6 in . 9 in. 12 in.

50 65 75 85 11 0
100 130 140 160 19 0
200 220 230 270 32 0
300 320 330 370 43 0

Note . 1 in . = 25 .4 mm, 1 pci = 271 .3 kN/m3.

Source . After PCA (1984) .

TABLE 12 .4 Design kValues for Cement-Treate d
Base s

Subgrade Subbase k values (pci )
k value

(pci) 4 in . 6 in . 8 in . 10 in .

50 170 230 310 390
100 280 400 520 640
200 470 640 830 —

Note . 1 in . = 25 .4 mm, 1 pci = 271 .3 kN/m3 .

Source . After PCA (1984) .

It is not economical to use untreated subbases for the sole purpose of increasin g

k values . However, there are many reasons to use subbases, as described in Section 1 .2.2.

Where a subbase is used, there will be an increase in k that should be considered in th e
thickness design. If the subbase is composed of untreated granular materials, th e
approximate increase in k values can be taken from Table 12 .3 . For a cement-treated
subbase, the design k values can be obtained from Table 12 .4 .

Design Period The term "design period" should not be confused with the term "pave-
ment life," which is not subject to precise definition . "Design period" is more nearl y
synonymous with the term "traffic analysis period ." Because traffic probably cannot b e
predicted with much accuracy for a longer period, a design period of 20 years has com -
monly been used in pavement design . However, there are cases where the use of a
shorter or longer design period is economically justified . For example, a special-haul
road that will be used only a few years requires a much shorter design period ; a premi -
um facility that must provide a high level of performance for a long time with little o r
no pavement maintenance can require a design period of up to 40 years .

Traffic The information presented in Section 6 .4, such as Eq. 6 .26, can be used to de -
termine the design traffic. The growth factor can be determined from Table 6 .12 and
the lane distribution factor for multilane highways from Figure 6 .8 . Information on the
average daily truck traffic (ADTT) and the axle-load distribution is needed in usin g
the PCA design procedure . The ADTT includes only trucks with six tires or more an d
does not include panel and pickup trucks or other vehicles with only four tires .
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TABLE 12 .5 Axle Load Distribution for a Given Facility

Adjusted

	

Axles in
Axle load

	

Axles per

	

axles per

	

design
kip

	

1000 trucks

	

1000 trucks

	

period
(1) (2) (3) (4 )

Single axle s
28-30 0.28 0 .58 631 0
26-28 0.65 1 .35 14,690
24-26 1 .33 2.77 30,140
22-24 2.84 5 .92 64,41 0
20-22 4 .72 9 .83 106,900

18-20 10.40 21 .67 235,800
16-18 13 .56 28 .24 307,200
14-16 18 .64 38 .83 422,500
12-14 25 .89 53 .94 586,900
10-12 81 .05 168 .85 1,837,000

Tandem axles
0 .94 1 .98 21,32 048-5 2

44-48 1 .89 3 .94 42,87 0
40-44 5 .51 11 .48 124,90 0
36-40 16 .45 34 .27 372,900
32-36 39 .08 81 .42 885,80 0

28-32 41 .06 85 .54 930,70 0
24-28 73 .07 152 .23 1,656,00 0
20-24 43 .45 90 .52 984,90 0
16-20 54 .1.5 112 .81 1,227,00 0
12-16 59 .85 124 .69 1,356,000

Note. 1 kip = 4.45 kN .
Source. After PCA (1984) .

Axle Load Distribution Data on the axle load distribution of truck traffic i s
needed to compute the number of single and tandem axles of various weights expecte d
during the design period . These data can be obtained from special traffic studies t o
establish the loadometer data for the specific project or from the W-4 table of a load-
ometer station representing truck weights and types that are expected to be similar t o
the project under design. If axle load distribution data are not available, the simplifie d
design procedure described in Section 12 .2 .4 can be used .

Table 12 .5 illustrates how the information in a W-4 table for a loadometer station
can be used to determine the number of various axles based on the total number o f
trucks. In the W-4 table, axle loads are grouped by 2-kip (8 .9-kN) increments for singl e
axles and 4-kip (17 .8-kN) increments for tandem axles, as shown in column 1 . The axle s
per 1000 trucks shown in column 2 are obtained from the W-4 table. The table also
shows 13,215 total trucks counted, with 6918 two-axle, four-tire trucks, which constitut e
52% of total trucks. Because the trucks in column 2 include two-axle, four-tire trucks ,
which should be excluded from consideration, the data in column 2 must be divided b y
(1 - 0.52) to obtain the adjusted axles per 1000 trucks shown in column 3 . Column 4 i s
the number of load repetitions to be used for the sample problem in Figure 12.15 and
can be obtained by the following formula : Column 4 = Column 3 x (Trucks o n
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design lane in design period)/1000 . The number of trucks on the design lane in the

design period is 10,880,000, as will be determined later in the sample problem .

Load Safety Factors In the design procedure, the axle load must be multiplie d
by a load-safety factor (LSF) . The recommended load-safety factors are as follows :

1. For interstate highways and other multilane projects where there will be uninter-
rupted traffic flow and high volumes of truck traffic, LSF = 1 .2 .

2. For highways and arterial streets where there will be moderate volumes of truc k

traffic, LSF = 1 .1 .

3. For roads, residential streets, and other streets that will carry small volumes of
truck traffic, LSF = 1 .0 .

In special cases, the use of a load safety factor as high as 1 .3 might be justified for a pre -

mium facility to maintain a higher than normal level of pavement serviceabilit y
throughout the design period .

12 .2.3 Design Procedure

The method presented in this section can be used when detailed axle-load distribution s
have been determined or estimated, as described in Section 12 .2 .2 . If the axle load data
are not available, the simplified method presented in Section 12.2 .4 should be used .

Design Tables and Charts Separate sets of tables and charts are used to evaluate fa-

tigue and erosion damages. The following parameter values are used in their develop -

ment: elastic modulus of concrete = 4 x 106 psi (28 GPa), Poisson ratio of concrete =

0.15, diameter of dowels = $ in./in . of slab, spacing of dowels = 12 in . (305 mm), mod-

ulus of dowel support = 2 X 10 6 pci (543 GN/m3 ), spring constant for aggregate inter-

lock joints = 5000 psi (34 .5 MPa), spring constant for tied concrete shoulder =

25,000 psi (173 MPa) .

Fatigue Damage Fatigue damage is based on the edge stress. Because the edge
stress on mainline pavements without concrete shoulders is much greater than that o n
those with tied concrete shoulders, two different tables are needed : Table 12 .6 for slab s

without concrete shoulders, Table 12 .7 for slabs with concrete shoulders . The equiva -
lent stresses shown in these tables are the edge stresses multiplied by a factor of 0 .894 .

It is not known what axle load was used to generate these stresses. Based on the levels
of stress, it appears that an 18-kip (80-kN) load was used for single axles and a 36-kip

(160-kN) load was used for tandem axles. Both tables show that the equivalent stresses

under 36-kip (160-kN) tandem-axle loads are smaller than those under 18-kip (80-kN )

single-axle loads, which is as expected .
After the equivalent stress is determined, the stress ratio factor can be compute d

by dividing the equivalent stress by the design modulus of rupture, so that the allow-
able number of load repetitions can be obtained from Figure 12 .12 . Note that the re-
duction in the modulus of rupture by 15% and the increase in the modulus of rupture
with age have been incorporated in the chart, so the user simply inputs the 28-day
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TABLE 12 .6 Equivalent Stresses for Slabs Without Concrete Shoulder s

Slab k of Subgrade—subbase (pci )
thickness

(in .) 50 100 150 200 300 500 700

4 825/679 726/585 671/542 634/516 584/486 523/457 484/443
4.5 699/586 616/500 571/460 540/435 498/406 448/378 417/363
5 602/516 531/436 493/399 467/376 432/349 390/321 363/307
5 .5 526/461 464/387 431/353 409/331 379/305 343/278 320/264
6 465/416 411/348 382/316 362/296 336/271 304/246 285/232
6 .5 417/380 367/317 341/286 324/267 300/244 273/220 256/207
7 375/349 331/290 307/262 292/244 271/222 246/199 231/186
7 .5 340/323 300/268 279/241 265/224 246/203 224/181 210/169
8 311/300 274/249 255/223 242/208 225/188 205/167 192/155
8 .5 285/281 252/232 234/208 222/193 206/174 188/154 177/14 3
9 264/264 232/218 216/195 205/181 190/163 174/144 163/13 3
9 .5 245/248 215/205 200/183 190/170 176/153 161/134 151/124

10 228/235 200/193 186/173 177/160 164/144 150/126 141/11 7
10 .5 213/222 187/183 174/164 165/151 153/136 140/119 132/11 0
11 200/211 175/174 163/155 154/143 144/129 131/113 123/10 4
11 .5 188/201 165/165 153/148 145/136 135/122 123/107 116/9 8
12 177/192 155/158 144/141 137/130 127/116 116/102 109/9 3
12.5 168/183 147/151 136/135 129/124 120/111 109/97 103/8 9
13 159/176 139/144 129/129 122/119 113/106 103/93 97/8 5
13 .5 152/168 132/138 122/123 116/114 107/102 98/89 92/8 1
14 144/162 125/133 116/118 110/109 102/98 93/85 88/78

Note . Number at left is for single axle and number at right is for tandem axle (single/tandem) ; 1 in . = 25 .4 mm, 1 pc
271 .3 kN/m 3 .
Source . After PCA (1984) .

strength as the design modulus of rupture. Figure 12.12 can be applied to pavement s
both with and without concrete shoulders. If the allowable repetitions fall outside th e
range of the chart, the allowable number of repetitions is considered to be unlimited .

Example 12 .2 :

The sensitivity analysis presented in Table 5 .11 shows an average edge stress of about 283 ps i
(1 .95 MPa) under a 36-kip (160-kN) tandem-axle load when h = 8 in. (203 mm) and k =
100 pci (27 .1 MN/m3 ) . Assuming a concrete modulus of rupture of 500 psi (4 .5 MPa) and usin g
the PCA fatigue equation, or Eq. 5 .36, determine the allowable number of load repetitions . Com-
pare the result with that obtained from Table 12 .6 and Figure 12.12 .

Solution: Because only a small portion of the wheel loads are applied at the pavement edge ,
the edge stress must be multiplied by an adjustment factor of 0 .894 ; so the actual stress is
a- = 0 .894 x 283 = 253 psi (1 .75 MPa) . With o-/Sc = 253/500 = 0.506, from Eq . 5 .36b, Nf =
[4 .2577/(0 .506 — 0 .43250)1 3268 = 5 .8 x 10 5 .

From Table 12 .6, the equivalent stress for a tandem-axle load with a k value o f
100 pci (27 .1 MN/m3) and a slab thickness of 8 in . (203 mm) is 249 psi (1 .72 MPa) ,



12 .2 Portland Cement Association Method 55 3

TABLE 12 .7 Equivalent Stresses for Slabs with Concrete Shoulder s

Slab k of Subgrade—subbase (pci)
thicknes s

(in.) 50 100 150 200 300 500 70 0

4 640/534 559/468 517/439 489/422 452/403 409/388 383/384
4 .5 547/461 479/400 444/372 421/356 390/338 355/322 333/316

5 475/404 417/349 387/323 367/308 341/290 311/274 294/267
5 .5 418/360 368/309 342/285 324/271 302/254 276/238 261/23 1

6 372/325 327/277 304/255 289/241 270/225 247/210 234/20 3
6 .5 334/295 294/251 274/230 260/218 243/203 223/188 212/18 0
7 302/270 266/230 248/210 236/198 220/184 203/170 192/16 2
7.5 275/250 243/211 226/193 215/182 201/168 185/155 176/14 8

8 252/232 222/196 207/179 197/168 185/155 170/142 162/13 5
8.5 232/216 205/182 191/166 182/156 170/144 157/131 150/12 5

9 215/202 190/171 177/155 169/146 158/134 146/122 139/11 6
9 .5 200/190 176/160 164/146 157/137 147/126 136/114 129/10 8

10 186/179 164/151 153/137 146/129 137/118 127/107 121/10 1
10 .5 174/170 154/143 144/130 137/121 128/111 119/101 113/95

11 164/161 144/135 135/123 129/115 120/105 112/95 106/90
11 .5 154/153 136/128 127/117 121/109 113/100 105/90 100/85

12 145/146 128/122 1201111 114/104 107/95 99/86 95/81
12 .5 137/139 121/117 113/106 108/99 101/91 94/82 90/77

13 130/133 115/112 107/101 102/95 96/86 89/78 85/73
13 .5 124/127 109/107 102/97 97/91 91/83 85/74 81/70

14 118/122 104/103 97/93 93/87 87/79 81/71 77/67

Note . Number at left is for single axle and number at right is for tandem axle (single/tandem) ;
1 in . = 25 .4 mm, 1 pci = 271 .3 kN/m3 .
Source. After PCA (1984)

which is slightly smaller than the 253 psi (1 .75 MPa) obtained in the sensitivity analysis.

This is as expected ; the dual and tandem spacings and the tire contact pressure as-
sumed by PCA are not known and could be quite different from those in the sensitivit y

analysis. Hence, the stress ratio factor = 249/500 = 0 .498 .
From Figure 12 .12, a straight line is drawn starting from the 18-kip (80-kN) sin -

gle-axle load on the left axis (which is the same as the 36-kip (160-kN) tandem-axl e

load), passing through a point on the middle axis with a stress-ratio factor of 0 .498, and
ending at the allowable load repetitions on the right axis. The allowable number of rep -
etitions read from the right axis is 7 x 10 5 , which is also slightly larger than the

5 .8 x 105 obtained previously. Note that, in applying Eq. 5 .36b, no adjustment was
made to the modulus of rupture ; yet, in the development of the chart, the modulus o f
rupture was reduced by 15% for variability and then increased by a certain amount fo r

strength gain with age. It is not known how much gain in strength was assumed by

PCA, so a discrepancy between the two results is expected .

Erosion Damage Because erosion damage occurs at the pavement corner and

is affected by the type of joint, separate tables for doweled and aggregate interloc k

joints are needed . The erosion criteria also require two separate charts for slab with

and without concrete shoulders .
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FIGURE 12 .1 2

Stress ratio factors versus allowable load repetitions both with and without concrete shoulder s
(1 kip = 4 .45 kN) . (After PCA (1984) )

Table 12 .8 shows the erosion factors for slabs with doweled joints and no con-
crete shoulders; Table 12 .9 shows the erosion factors for slabs with aggregate interloc k
joints and no concrete shoulders . After the erosion factor is found, the allowable num -
ber of load repetitions can be obtained from Figure 12 .13 . Note that the allowable load
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TABLE 12 .8 Erosion Factors for Slabs with Doweled Joints and no Concrete Shoulder s

Slab k of Subgrade-subbase (pci )
thickness

(in .) 50 100 200 300 500 70 0

4 3 .74/3 .83 3 .73/3 .79 3 .72/3 .75 3 .71/3 .73 3.70/3 .70 3 .68/3 .67
4 .5 3 .59/3 .70 3 .57/3 .65 3 .56/3 .61 3 .55/3 .58 3 .54/3 .55 3 .52/3 .5 3

5 3 .45/3 .58 3 .43/3 .52 3 .42/3 .48 3 .41/3 .45 3.40/3 .42 3 .38/3 .4 0
5 .5 3 .33/3 .47 3 .31/3 .41 3 .29/3 .36 3 .28/3 .33 3 .27/3 .30 3 .26/3 .2 8

6 3 .22/3 .38 3 .19/3 .31 3 .18/3 .26 3 .17/3 .23 3 .15/3 .20 3 .14/3 .1 7

6 .5 3 .11/3 .29 3 .09/3 .22 3 .07/3 .16 3 .06/3 .13 3 .05/3 .10 3 .03/3 .07

7 3 .02/3 .21 2.99/3 .14 2 .97/3 .08 2 .96/3 .05 2 .95/3 .01 2 .94/2.98
7 .5 2 .93/3 .14 2 .91/3 .06 2 .88/3 .00 2 .87/2 .97 2 .86/2 .93 2 .84/2.90

8 2.85/3.07 2 .82/2 .99 2 .80/2 .93 2 .79/2.89 2 .77/2.85 2.76/2.82
8 .5 2 .77/3.01 2 .74/2 .93 2 .72/2 .86 2 .71/2.82 2 .69/2.78 2.68/2.75

9 2 .70/2.96 2 .67/2 .87 2 .65/2 .80 2 .63/2.76 2 .62/2.71 2.61/2.68

9 .5 2 .63/2.90 2 .60/2 .81 2 .58/2 .74 2 .56/2 .70 2 .55/2 .65 2.54/2.62

10 2.56/2.85 2 .54/2 .76 2 .51/2 .68 2.50/2.64 2 .48/2.59 2 .47/2 .56
10.5 2.50/2.81 2 .47/2 .71 2 .45/2 .63 2.44/2.59 2 .42/2.54 2 .41/2 .51

11 2.44/2.76 2 .42/2 .67 2 .39/2 .58 2.38/2.54 2 .36/2.49 2.35/2 .45
11 .5 2.38/2.72 2 .36/2 .62 2 .33/2 .54 2.32/2.49 2 .30/2.44 2.29/2 .40

12 2 .33/2 .68 2 .30/2 .58 2 .28/2 .49 2.26/2 .44 2.25/2 .39 2 .23/2 .36
12.5 2 .28/2 .64 2 .25/2 .54 2 .23/2 .45 2.21/2 .40 2.19/2 .35 2 .18/2 .3 1

13 2 .23/2 .61 2 .20/2 .50 2.18/2 .41 2.16/2 .36 2.14/2 .30 2 .13/2 .27

13 .5 2 .18/2 .57 2.15/2.47 2.13/2.37 2 .11/2 .32 2 .09/2 .26 2 .08/2 .2 3

14 2 .13/2 .54 2.11/2.43 2.08/2.34 2 .07/2 .29 2 .05/2 .23 2 .03/2 .19

Note . Number at left is for single axle and number at right is for tandem axle (single/tandem) ;

1 in . = 25 .4 mm,1 pci = 271 .3 kN/m3 .
Source. After PCA (1984) .

repetitions shown in Figure 12.13 have already been divided by a C2 of 0 .06, so it is no t
necessary to multiply the predicted repetitions by C2, as indicated by Eq . 12 .9 .

Example 12 .3 :

Same as Example 12 .1, except that the percent erosion damages for the 18-kip (80-kN) single-axl e
and 36-kip (160-kN) tandem-axle loads are to be determined by Table 12 .8 and Figure 12.13 .

Solution: For the 18-kip (80-kN) single-axle load with a k value of 100 pci (27 .1 MN/m3 ) and
a slab thickness of 8 in. (203 mm), from Table 12 .8, erosion factor = 2.82, and, from Figure 12 .13 ,
allowable load repetitions = 3 x 10' . Given predicted repetitions = 5 x 106 , percent erosion
damage = 100 x (5 x 106 )1(3 x 10') = 16 .7%, compared with 10 .8% in Example 12 .1 .

For the 36-kip (160-kN) tandem-axle load, from Table 12 .8, erosion factor = 2 .99 ; fro m

Figure 12 .13, allowable load repetitions = 6 .2 X 10 6 ; percent erosion damage = 100 X

(5 X 10 6 )1(6 .2 X 106 ) = 80.6%, compared with 86 .5% in Example 12.1 . Allowable repetitions

are very sensitive to corner deflections, so the agreement between the two examples is considere d

exceedingly good .
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TABLE 12 .9 Erosion Factors for Slabs with Aggregate Interlock Joints and no Concrete Shoulder s

Slab k of Subgrade—subbase (pci )
thicknes s

(in.) 50 100 500 700200 30 0

4 3 .94/4 .03 3 .91/3 .95 3 .88/3 .89 3 .86/3 .86 3 .82/3 .83 3 .77/3 .8 0
4 .5 3 .79/3 .91 3 .76/3 .82 3 .78/3 .75 3 .71/3 .72 3 .68/3 .68 3 .64/3 .6 5
5 3 .66/3 .81 3 .63/3 .72 3 .60/3 .64 3 .58/3 .60 3 .55/3 .55 3 .52/3 .52
5 .5 3 .54/3 .72 3 .51/3 .62 3 .48/3 .53 3 .46/3 .49 3 .43/3 .44 3 .41/3 .4 0
6 3 .44/3 .64 3 .40/3 .53 3 .37/3 .44 3 .35/3 .40 3 .32/3 .34 3 .30/3 .3 0
6 .5 3 .34/3 .56 3 .30/3 .46 3 .26/3 .36 3 .25/3 .31 3 .22/3 .25 3 .20/3 .2 1

7 3 .26/3 .49 3 .21/3 .39 3 .17/3 .29 3 .15/3 .24 3 .13/3 .17 3 .11/3 .13
7 .5 3 .18/3 .43 3 .13/3 .32 3 .09/3 .22 3 .07/3 .17 3 .04/3 .10 3 .02/3 .06

8 3 .11/3 .37 3 .05/3 .26 3 .01/3 .16 2 .99/3 .10 2 .96/3 .03 2 .94/2 .99
8 .5 3 .04/3 .32 2 .98/3 .21 2 .93/3 .10 2 .91/3 .04 2.88/2 .97 2.87/2 .93

9 2.98/3 .27 2 .91/3 .16 2 .86/3 .05 2 .84/2 .99 2 .81/2 .92 2.79/2 .87
9 .5 2.92/3 .22 2 .85/3 .11 2 .80/3 .00 2 .77/2 .94 2 .75/2 .86 2.73/2 .8 1

10 2 .86/3 .18 2 .79/3 .06 2 .74/2 .95 2.71/2 .89 2.68/2.81 2.66/2.76
10.5 2 .81/3 .14 2 .74/3 .02 2 .68/2 .91 2.65/2 .84 2.62/2.76 2.60/2.72
11 2 .77/3 .10 2 .69/2 .98 2 .63/2 .86 2.60/2 .80 2.57/2 .72 2.54/2.67
11 .5 2 .72/3 .06 2 .64/2 .94 2 .58/2 .82 2.55/2 .76 2.51/2 .68 2.49/2.63
12 2 .68/3 .03 2 .60/2 .90 2 .53/2 .78 2 .50/2.72 2 .46/2.64 2 .44/2 .5 9
12 .5 2 .64/2 .99 2 .55/2 .87 2 .48/2 .75 2 .45/2.68 2 .41/2.60 2 .39/2.5 5

13 2 .60/2 .96 2 .51/2 .83 2 .44/2 .71 2.40/2.65 2 .36/2.56 2 .34/2.5 1
13 .5 2 .56/2 .93 2 .47/2 .80 2 .40/2 .68 2 .36/2 .61 2 .32/2 .53 2 .30/2 .4 8

14 2 .53/2 .90 2 .44/2 .77 2 .36/2 .65 2 .32/2 .58 2 .28/2 .50 2 .25/2 .44

Note. Number at left is for single axle and number at right is for tandem axle (single/tandem) ; 1 in. = 25 .4 mm ,
1 pci = 271 .3 kN/m 3 .
Source. After PCA (1984) .

Similar tables and charts for slabs with concrete shoulders are shown in Tables 12 .1 0
and 12 .11 and Figure 12.14 .

Sample Problem Figure 12.15 is the worksheet on a sample problem . The design in-
volves a four-lane interstate pavement with doweled joints and no concrete shoulders .
A 4-in . (102-mm) untreated subbase will be placed on a clay subgrade with a k value o f
100 pci (27 .2 MN/m3 ) . Other information include concrete modulus of rupture =
650 psi (4 .5 MPa), design period = 20 years, current ADT = 12,900, annual growt h
rate = 4%, and ADTT = 19% of ADT .

On the worksheet, a trial thickness of 9 .5 in . (241 mm) is selected. For a subgrad e
k value of 100 pci (27 .1 MN/m3 ) and a subbase thickness of 4 in . (102 mm), from
Table 12 .3, the k value for subbase—subgrade combination is 130 pci (35 .3 MN/m 3 ) . For
an interstate highway, a load safety factor of 1 .2 is recommended . With a thickness o f
9 .5 in . (241 mm) and a k value of 130 pci (35 .3 MN/m3 ), an equivalent stress of 206 ps i
(731 kPa) for single axles and 192 psi (1 .32 MPa) for tandem axles can be obtained fro m
Table 12 .6 and entered as items 8 and 11 on the worksheet . The stress ratio factor is the
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TABLE 12 .10 Erosion Factors for Slabs with Doweled Joints and Concrete Shoulder s

Slab k of Subgrade—subbase (pci)
thickness

(in .) 50 100 500 700200 30 0

4 3 .28/3 .30 3 .24/3 .20 3 .21/3 .13 3 .19/3 .10 3 .15/3 .09 3 .12/3 .0 8
4 .5 3 .13/3 .19 3 .09/3 .08 3 .06/3.00 3 .04/2.96 3 .01/2.93 2.98/2.9 1

5 3,01/3 .09 2 .97/2 .98 2.93/2.89 2 .90/2.84 2 .87/2 .79 2 .85/2.7 7
5 .5 2,90/3 .01 2 .85/2 .89 2.81/2.79 2 .79/2.74 2 .76/2.68 2 .73/2 .6 5
6 2,79/2 .93 2 .75/2.82 2.70/2.71 2 .68/2.65 2 .65/2 .58 2 .62/2.5 4
6.5 2.70/2 .86 2.65/2 .75 2 .61/2.63 2 .58/2 .57 2 .55/2 .50 2 .52/2 .4 5
7 2.61/2 .79 2.56/2 .68 2 .52/2.56 2 .49/2 .50 2 .46/2 .42 2 .43/2 .3 8
7 .5 2.53/2 .73 2 .48/2 .62 2.44/2.50 2 .41/2.44 2 .38/2 .36 2 .35/2 .3 1
8 2.46/2 .68 2 .41/2 .56 2.36/2.44 2.33/2 .38 2 .30/2 .30 2 .27/2 .2 4
8 .5 2.39/2 .62 2 .34/2 .51 2 .29/2 .39 2 .26/2 .32 2 .22/2 .24 2 .20/2 .1 8
9 2.32/2 .57 2 .27/2 .46 2 .22/2.34 2 .19/2 .27 2 .16/2 .19 2 .13/2 .1 3
9 .5 2.26/2 .52 2.21/2 .41 2 .16/2.29 2 .13/2 .22 2 .09/2 .14 2 .07/2 .08

10 2,20/2.47 2.15/2.36 2 .10/2 .25 2 .07/2 .18 2 .03/2 .09 2.01/2 .03
10 .5 2 .15/2.43 2.09/2.32 2 .04/2 .20 2 .01/2 .14 1 .97/2 .05 1 .95/1 .99
11 2 .10/2.39 2 .04/2 .28 1 .99/2.16 1 .95/2 .09 1 .92/2 .01 1 .89/1 .95
11 .5 2.05/2 .35 1 .99/2 .24 1 .93/2.12 1 .90/2 .05 1 .87/1 .97 1 .84/1 .91
12 2,00/2 .31 1 .94/2 .20 1 .88/2 .09 1 .85/2 .02 1 .82/1 .93 1 .79/1 .87
12 .5 1 .95/2 .27 1 .89/2 .16 1 .84/2 .05 1 .81/1 .98 1 .77/1 .89 1 .74/1 .84
13 1 .91/2 .23 1 .85/2 .13 1 .79/2 .01 1 .76/1 .95 1 .72/1 .86 1 .70/1 .80
13 .5 1,86/2 .20 1 .81/2 .09 1 .75/1 .98 1 .72/1 .91 1 .68/1 .83 1 .65/1 .7 7
14 1 .82/2 .17 1 .76/2.06 1 .71/1 .95 1 .67/1.88 1 .64/1 .80 1 .61/1 .74

Note . Number at left is for single axle and number at right is for tandem axle (single/tandem) ; 1 in . = 25 .4 mm ,
1 pci = 271 .3 kN/m3.
Source . After PCA (1984) .

ratio between the equivalent stress and the modulus of rupture, so ratios of 0 .317 fo r
single axles and 0 .295 for tandem axles are entered as items 9 and 12. Erosion factor s
of 2 .59 for single axles and 2.79 for tandem axles are obtained from Table 12 .8 and
entered as items 10 and 13 . Each column, as numbered from 1 to 7 in the worksheet, i s
explained on page 622 .

Explanation of Workshee t

1. Single-axle loads are incremented at 2-kip (8.9-kN) intervals, and tandem-axl e
loads are incremented at 4-kip (17 .8-kN) intervals . The largest load in the single -
or tandem-load group should be entered first . If the allowable number of repeti-
tions for a given load is unlimited, it is not necessary to compute the damage fo r
the remaining loads in the same group .

2. The axle loads in column 1 are multiplied by a load safety factor of 1 .2 .
3. The predicted or expected repetitions are obtained from Table 12 .5. To be on

the conservative side, the upper limit of the load in the range is used to represen t
the range . For example, all axle loads between 28 and 30 kip (125 and 134 kN) ar e
considered as 30 kip (134 kN) . With an annual growth rate of 4% and a design
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TABLE 12 .11 Erosion Factors for Slabs with Aggregate Interlock Joints and Concrete Shoulder s

Slab k of Subgrade—subbase (pci )
thickness

(in .) 50 100 200 300 500 700

4 3 .46/3 .49 3 .42/3 .39 3 .38/3 .32 3 .36/3 .29 3.32/3 .26 3 .28/3 .2 4
4 .5 3 .32/3 .39 3 .28/3 .28 3 .24/3 .19 3 .22/3 .16 3 .19/3 .12 3 .15/3.09
5 3 .20/3 .30 3 .16/3 .18 3 .12/3 .09 3 .10/3 .05 3 .07/3 .00 3 .04/2.97
5 .5 3 .10/3 .22 3 .05/3 .10 3 .01/3 .00 2 .99/2 .95 2 .96/2 .90 2 .93/2.86

6 3.00/3 .15 2 .95/3 .02 2.90/2.92 2 .88/2.87 2 .86/2 .81 2.83/2.77
6 .5 2.91/3 .08 2 .86/2 .96 2.81/2.85 2 .79/2.79 2 .76/2 .73 2.74/2.68

7 2.83/3 .02 2 .77/2 .90 2 .73/2.78 2 .70/2.72 2 .68/2 .66 2.65/2.61
7 .5 2 .7612 .97 2 .70/2.84 2.6512 .72 2.62/2 .66 2 .60/2.59 2.57/2 .54

8 2 .69/2 .92 2 .63/2.79 2.57/2 .67 2.55/2 .61 2 .52/2.53 2.50/2 .48
8 .5 2.63/2 .88 2 .56/2.74 2.51/2 .62 2.48/2 .55 2 .45/2.48 2.43/2 .43

9 2 .57/2 .83 2 .50/2.70 2 .44/2 .57 2 .42/2 .51 2 .39/2 .43 2 .36/2 .38
9.5 2 .51/2 .79 2 .44/2.65 2 .38/2 .53 2 .36/2 .46 2 .33/2 .38 2 .30/2 .3 3

10 2 .46/2 .75 2 .39/2.61 2 .33/2 .49 2 .30/2 .42 2 .27/2 .34 2 .24/2 .28
10.5 2 .41/2 .72 2.33/2.58 2 .27/2 .45 2 .24/2 .38 2 .21/2 .30 2 .19/2 .24

11 2 .36/2 .68 2.28/2.54 2 .22/2 .41 2 .19/2 .34 2.16/2 .26 2 .14/2 .2 0
11 .5 2 .32/2 .65 2.24/2.51 2 .17/2 .38 2 .14/2 .31 2.11/2 .22 2 .09/2 .1 6
12 2 .28/2 .62 2.19/2.48 2 .13/2 .34 2 .10/2 .27 2.06/2 .19 2 .04/2 .13
12 .5 2 .24/2.59 2.15/2 .45 2 .09/2 .31 2 .05/2 .24 2 .02/2 .15 1 .99/2 .1 0

13 2 .20/2.56 2.11/2 .42 2 .04/2 .28 2 .01/2 .21 1 .98/2 .12 1 .95/2 .0 6
13 .5 2 .16/2.53 2.08/2 .39 2 .00/2 .25 1 .97/2 .18 1 .93/2 .09 1 .91/2 .0 3

14 2 .13/2 .51 2 .04/2 .36 1 .97/2.23 1 .93/2 .15 1 .89/2 .06 1 .87/2.00

Note . Number at left is for single axle and number at right is for tandem axle (single/tandem) ; 1 in . = 25 .4 mm,
1 pci = 271 .3 kN/m3.
Source . After PCA (1984) .

period of 20 years, from Table 6 .12, growth factor G = 1 .5. Design ADT =

12,900 x 1 .5 = 19,350, or 9675 in one direction . ADTT = 19,350 x 0 .19 = 3680 ,
or 1840 in one direction . For an ADT of 9675 in one direction, from Figure 6 .8, lane

distribution factor L = 0 .81 . Therefore, the total number of trucks on the desig n

lane during the design period is 1840 x 0 .81 x 365 X 20 = 10,880,000, which was
used to obtain the axle-load distribution in Table 12 .5 .

4. The allowable repetitions in fatigue analysis are obtained from Figure 12 .12 and

based on a stress-ratio factor of 206/650, or 0 .317, for single axles and 192/650, or

0.295, for tandem axles .

5. The fatigue percentages are obtained by dividing column 3 by column 4 and mul-
tiplying by 100 . The sum of fatigue percentages over all single- and tandem-axle

loads is entered at the bottom .

6. The allowable repetitions in erosion analysis are obtained from Figure 12 .13 and
are based on an erosion factor of 2 .59 for single axles, 2 .79 for tandem axles .

7. The erosion percentages are obtained by dividing column 3 by column 6 and mul-
tiplying by 100. The sum of erosion percentages over all single- and tandem-axl e

loads is entered at the bottom .
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Erosion factors versus allowable load repetitions with concrete shoulders (1 kip = 4 .45 kN) . (After
PCA (1984))
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Calculation of Pavement Thicknes s

Project

	

Design IA, four-lane Interstate, rural
Trial thickness 9.5 in . Doweled joints :

	

yes 3 no_
Subbase-subgrade k 130 pci Concrete shoulder : yes_no

	

3

Modulus of rupture. MR 650 psi Design period

	

20

	

years
Load safety factor . LSF

	

1 .2
4 in . untreated subbase

Axle Multiplied Expected Fatigue analysis Erosion analysis

load ,
kips

b y
LSF

repetitions
Allowable Fatigue . Allowable Damage

%2 repetitions percent repetitions percen t

1 2 3 4 5 6 7

8. Equivalent stress	 206	 10 . Erosion factor	 2.59

9. Stress ratio factor	 0 .31 7

Single Axles

30 36.0 6,310 27,000 23.3 1,500,000 0. 4

28 33 .6 14,690 77,000 19.1 2,200,000 0. 7

26 31 .2 30,140 230,000 13.1 3,500,000 0. 9

24 28 .8 64,410 1,200,000 5.4 5,900,000 1 . 1

22 26 .4 106,900 Unlimited 0 11,000,000 1 . 0

20 24.0 235,800 „ 0 23,000,000 1 . 0

18 21 .6 307,200 „ 0 64,000,000 0. 5

16 19.2 422,500 Unlimited 0

14 16.8 586,900 „ 0

12 14.4 1,837,000 „ 0

11. Equivalent stress 	 192	 13 . Erosion factor	 2 .79

12. Stress ratio factor	 0.295

Tandem Axle s

52 62.4 21,320 1,100,000 1 .9 920,000 2 .3

48 57.6 42,870 Unlimited 0 _

	

1,500,000 2 . 9

44 52 .8 124,900 „ 0 2,500,000 5 . 0

40 48.0 372,900 „ 0 4,600,000 8. 1

36 43.2 885,800 9,500,000 9.3

32 38.4 930,700 24,000,000 3 . 9

28 33.6 1,656,000 92,000,000 1 . 8

24 28.8 984,900 Unlimited 0

20 24.0 1,227,000 „ 0

16 19 .2 1,356,000

Total

	

62.8 Total

	

38. 9

FIGURE 12 .1 5
Worksheet for sample problem (1 in . = 25 .4 mm, 1 psi = 6.9 kPa, 1 pci = 271 .3 kN/m3 ) .
(After PCA (1984) )
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Figure 12 .15 shows that damages caused by fatigue and erosion are 62 .8 and 38 .9 ,
respectively. Both are less than 100%, so the use of a 9 .5-in . (241-mm) slab is quite
adequate . Separate calculations showed that a slab of 9 .0-in . (229-mm) was not ade-
quate, because the fatigue damage would increase to 142% . Therefore, this design i s
controlled by the fatigue analysis .

The fatigue analysis will usually control the design of pavements subjected t o
light traffic, whether the joints are doweled or not, or to medium traffic with dowele d
joints. The erosion analysis will usually control the design of pavements subjected to
medium and heavy traffic with aggregate interlock joints or to heavy traffic with dow-
eled joints . For pavements carrying a normal mix of axle weights, single-axle loads wil l
cause more fatigue cracking, but tandem-axle loads will cause more erosion damage .

12 .2.4 Other Features

The PCA design manual also includes a simplified design procedure to be used whe n
axle load data are not available, an analysis of concrete pavements with a lean concret e
subbase, and an analysis of tridem-axle loads. These features are described in this section .

Simplified Design Procedure A series of tables was developed by PCA to select the
pavement thickness when specific axle load data are not available . The factors to be con -
sidered are traffic, subgrade–subbase strength, and the modulus of rupture of concrete .

Traffic Category Traffic is divided into four axle load categories, as shown i n
Table 12 .12 . The ADT and ADTT values should not be used as the primary criteria fo r
selecting the axle load category. More reliance should be placed on word description s
of the expected maximum axle loads. The axle load distributions used to prepare th e
simplified design tables for each traffic category are shown in Table 12 .13 . Each of
these is the average of several W-4 tables representing pavement facilities in the ap-
propriate category.

Subgrade–Subbase Strength Subgrade–subbase strength is characterized by the
descriptive terms low, medium, high, and very high . These terms are related to the mod -
ulus of subgrade reaction k, as shown in Table 12 .14 . When a subbase is used, the in -
crease in k value can be determined from Table 12 .3 or 12 .4, depending on whether th e
subbase is untreated or stabilized .

Design Tables The PCA design manual contains a series of tables showing the al-
lowable ADTT for pavements with either doweled or aggregate interlock joints . Separate
tables were developed for each axle load category . To illustrate the method, only the tabl e
for axle load category 3 with doweled joints is reproduced here, as shown in Table 12 .15 .

Three different moduli of rupture can be specified . The values 650 and 600 psi (4 . 5
and 4 .1 MPa) on the upper portion of the tables are for good concrete with normal aggre -
gates and are recommended for general design use ; the value 550 psi (3 .8 MPa) on the
bottom portion is for a special case where high-quality aggregates are not available .

The allowable ADTT is based on a 20-year design period and does not includ e
any two-axle, four-tire trucks. If the design period is not 20 years, the predicted ADTT
must be changed proportionately. Incorporated in the tables are the load safety factors
1 .0, 1 .1, 1 .2, and 1 .2 for axle load categories 1, 2, 3, and 4, respectively . The tables were
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TABLE 12 .12 Axle Load Categories for Simplified Design Procedure

Traffi c

ADTT Maximum axle loads (kips )

Axle-load Single Tande m
category Description ADT % Per day axles axles

1 Residential streets 200—800 1—3 Up to 25 22 36

2

Rural and secondary roads
(low to medium)

Collector streets 700—5000 5—18 40—1000 26 44

3

Rural and secondary roads
(high)

Arterial streets and primary
roads (low )

Arterial streets and primary 3000—12,000 8—30 500—5000+ 30 52
roads (medium )

Expressways and urban and
2 lane s

3000—50,000 +

4

rural interstate highway s
(low to medium)
Arterial streets, primary roads

4 lanes or more

3000—20,000 8—30 1500—8000+ 34 60
expressways (high )
Urban and rural interstate

2 lanes
3000—150,000 +

highways (medium to high) 4 lanes or more

Note . The descriptors high, medium, or low refer to the relative weights of axle loads for the type of street or road ; ADTT does not in-
clude two-axle, four-tire trucks ; 1 kip = 4 .45 kN .
Source . After PCA (1984) .

developed by first assuming an ADTT and then determining the percentages of fatigu e
and erosion damage _from the given slab thickness, concrete modulus of rupture, an d
subgrade-subbase k value . The allowable ADTT was then computed a s

100 x (assumed ADTT )

Example 12 .4 :

The following information is given for a concrete pavement : arterial street, doweled joints, curb
and gutter, design ADT = 6200, total trucks per day = 1440, ADTT = 630, concrete modulu s
of rupture = 650 psi (4 .5 MPa), and 4 in. (102 mm) of untreated granular subbase on a subgrad e
with k = 150 pci(40 .7 MN/m3 ) . Determine slab thickness by the simplified method .

Solution: Both ADT and ADTT fit well with axle-load category 3 . From Table 12 .3, the k
value of the subgrade and subbase combined is about 170 pci (46 .1 MN/m3), so the
subgrade—subbase support is classified as medium according to Table 12 .14 . From Table 12 .15, a
7 .5-in . (191-mm) slab gives an allowable ADTT of 1200; a 7-in . (178-mm) slab gives only 220 . Th e
predicted ADTT is 630, so the use of 7 .5 in . (191-mm) is adequate.

Lean-Concrete Subbase The finite-element computer program can be used to analyz e
two layers of slab, either bonded or unbonded . If the bottom layer is a hardened lea n

Allowable ADTT =
% fatigue or erosion damage
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TABLE 12 .13 Axle Load Distribution for Four Traffic Categorie s

Axle Axles per 1000 truck s
loa d
(kips) Category 1 Category 2 Category 3 Category 4

Single axle s
4 1693 .31
6 732 .28
8 483 .10 233.6 0

10 204 .96 142.70
12 124 .00 116 .76 182 .0 2
14 56 .11 47.76 47 .7 3
16 38 .02 23 .88 31 .82 57 .07
18 15 .81 16 .61 25 .15 68 .27
20 4 .23 6.63 16 .33 41 .82
22 0 .96 2.60 7 .85 9 .6 9
24 1 .60 5 .21 4 .1 6
26 0.07 1 .78 3 .52
28 0 .85 1 .78
30 0 .45 0 .63
32 0 .54
34 0 .1 9

Tandem axle s
4 31 .90
8 85 .59 47 .0 1

12 139 .30 91 .1 5
16 75 .02 59.25 99 .3 4
20 57 .10 45 .00 85 .9 4
24 39 .18 30.74 72 .54 71 .16
28 68 .48 44.43 121 .22 95 .7 9
32 69 .59 54 .76 103 .63 109 .54
36 4 .19 38 .79 56 .25 78 .19
40 7 .76 21 .31 20 .3 1
44 1 .16 8 .01 3 .52
48 2 .91 3 .03
52 1 .19 1 .79
56 1 .07
60 0 .57

Note. 1 kip = 4 .45 kN ; all two-axle, four-tire trucks are excluded .
Source . After PCA (1984) .

TABLE 12 .14 Subgrade Soil Types and Approximate k Values

Type of soil Support k Values (pci)

Fine-grained soils in which silt and
clay-size particles predominate

Low 75-12 0

Sands and sand-gravel mixtures with
moderate amounts of silt and clay

Medium 130-170

Sands and sand-gravel mixtures
relatively free of plastic fines

High 180-220

Cement-treated subbases Very high 250-400

Note . 1 pci = 271 .3 kN/m3 .
Source . After PCA (1984) .
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concrete on which a layer of normal concrete is placed, the layers can be considered un -
bonded. If the two layers are built monolithically with the joints sawed deep enough to in-
duce cracking through both layers, the case of two bonded layers applies . Design charts
were developed by PCA for both bonded and unbonded cases . However, only the chart for
the more popular unbonded case, which involves a normal concrete slab on a lean-concrete
subbase, is presented here . In the finite-element analysis, the two layers of slab were as -
sumed to have the same width. Because the lean-concrete subbase is usually built at least 2
ft (0.61 m) wider than the pavement on each side to support the tracks of the slipform
paver, the assumption of equal width provides additional margin of safety to the design .

Figure 12 .16 is the design chart for concrete pavements with lean-concrete sub -
bases . To use the design chart, the slab thickness required for a conventional pavement
without a lean-concrete subbase must be determined by the procedure described pre-
viously. For a given thickness of lean-concrete subbase, the thickness of concrete sla b
can be reduced, depending on the moduli of rupture of the two concrete materials . For

Modulus of Rupture of Lean Concrete, ps i

350 450 150 250 350 450

250
ti~

450 ,.~■ ~~ ,

350' 150AM
1/11M

1

250

150 E I q 11W
=

Nip
E./

.■, _
I ME, 6" Subbase

	

_

5" Subbase

4" Subbase Dimensions shown on curves

	

_
are thicknesses of concret e
surface cours e

FIGURE 12 .1 6
Design chart for concrete pavements with lean concrete subbase (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa) .
(After PCA (1984))
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example, if the moduli of rupture are 650 psi (4 .5 MPa) for normal concrete and 200 ps i
(1 .4 MPa) for lean concrete, the design equivalent to the 10-in . (254-mm) pavemen t
can be either a 7 .7-in . (196-mm) concrete slab on a 5-in . (127-mm) lean-concrete sub -
base or an 8 .1-in . (206-mm) concrete slab on a 4-in . (102-mm) lean-concrete subbase, a s
shown by the dashed line in Figure 12.16 .

The normal practice has been to select a surface thickness about twice the sub -
base thickness. Therefore, either an 8-in . (203-mm) slab on a 5-in . (127-mm) subbase or
an 8 .5-in . (216-mm) slab on a 4-in . (127-mm) subbase can be used for practical design .
The use of the design chart will ensure that the fatigue and erosion damage in the two
layers of concrete does not exceed that in the conventional pavement . The use of a very
low modulus of rupture, 200 psi (1 .4 MPa), is recommended to minimize reflection
cracking from the unjointed subbase through the concrete surface . If, contrary to cur-
rent practice, joints are placed in the subbase at the same location as in the concret e
surface, higher moduli of rupture for lean concrete may be used .

Tridem-Axle Loads Three more tables, one for equivalent stresses and two for ero-
sion factors, were developed by PCA for tridem axles. One of the tables that can be
used to determine erosion factors for slabs with doweled joints is shown in Table 12 .1 6
for illustrative purposes. The procedure is similar to that for single and tandem axles .
After the equivalent stress or erosion factor is obtained from the tables, Figure 12 .12 ,
12 .13, or 12 .14 can be used to determine the allowable number of load repetitions .
Although tridem-axle loads are not shown in these figures, the scale for single-axl e
loads can be used by dividing the tridem-axle load by three .

Example 12 .5 :

Given a concrete pavement with a thickness of 8 in . (203 mm), a k value of 100 pci (27 .1 MN/m3 ) ,
doweled joints, and no concrete shoulders, determine the allowable repetitions under a 54-ki p
(240-kN) tridem-axle load based on erosion criteria .

Solution: From Table 12 .16, erosion factor = 3 .14 . With a tridem-axle load of 54 kip (240
kN), or a single-axle load of 18 kip (80 kN), from Figure 12.13, the allowable number of repeti-
tions is 2 .3 x 10 6 .

Some comments on the PCA method are in order . From Examples 12 .3 and 12 .5 ,
the allowable repetitions based on erosion criteria are 3 X 10 7 for the 18-kip (80-kN )
single-axle load, 6 .2 X 1 0 6 for the 36-kip (160-kN) tandem-axle load, and 2 .3 x 106 for
the 54-kip (240-kN) tridem-axle load . Because erosion was the major distress in th e
AASHO Road Test, these allowable repetitions can be used to determine the equiva-
lent axle load factor (EALF) . The EALF for the 36-kip (160-kN) tandem-axle load is
(3 x 10)1(6.2 X 10 6 ), or 4.84, and that for the 54-kip (240-kN) tridem-axle load i s
(3 x 10)/(2.3 x 10 6 ), or 13.0. These equivalent factors are much larger than th e
AASHTO factors of 2 .42 and 4 .0, as presented in Table 6 .7 . This is not surprising ,
because EALF values of 4 .58 and 15 .5 are also shown in Table 6 .8 based on the fatigu e
analysis by KENLAYER . Under certain combinations of slab thickness and subgrad e
support, an extremely high or low EALF may be obtained .
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TABLE 12 .16 Erosion Factors for Slabs with Doweled Joints Under Tridem Axle s

Slab k of Subgrade-subbase (pci )
thickness

(in .) 50 100 200 300 500 70 0

4 3 .89/3 .33 3 .82/3 .20 3 .75/3 .13 3 .70/3 .10 3.61/3 .05 3 .53/3.00
4 .5 3 .78/3 .24 3 .69/3 .10 3 .62/2 .99 3 .57/2 .95 3 .50/2 .91 3 .44/2.87
5 3 .68/3 .16 3 .58/3 .01 3 .50/2 .89 3 .46/2 .83 3 .40/2 .79 3 .34/2.75
5 .5 3 .59/3 .09 3 .49/2 .94 3 .40/2 .80 3 .36/2 .74 3 .30/2 .67 3 .25/2.64
6 3 .51/3 .03 3 .40/2.87 3 .31/2 .73 3 .26/2 .66 3 .21/2 .58 3 .16/2.54
6 .5 3 .44/2.97 3 .33/2 .82 3 .23/2.67 3 .18/2 .59 3 .12/2 .50 3 .08/2.45
7 3 .37/2.92 3 .26/2 .76 3 .16/2 .61 3 .10/2 .53 3 .04/2 .43 3 .00/2.3 7
7 .5 3 .31/2.87 3 .20/2 .72 3 .09/2 .56 3 .03/2 .47 2 .97/2 .37 2 .93/2.3 1
8 3 .26/2.83 3 .14/2 .67 3 .03/2 .51 2 .97/2 .42 2 .90/2 .32 2 .86/2.25
8 .5 3 .20/2 .79 3 .09/2 .63 2 .97/2 .47 2 .91/2 .38 2 .84/2 .27 2 .79/2.20
9 3 .15/2.75 3 .04/2 .59 2 .92/2.43 2 .86/2 .34 2 .78/2 .23 2 .73/2.1 5
9 .5 3 .11/2.71 2 .99/2 .55 2 .87/2.39 2 .81/2 .30 2.73/2 .18 2 .68/2.1 1

10 3 .06/2.67 2 .94/2.51 2.83/2 .35 2 .76/2 .26 2 .68/2 .15 2 .63/2.07
10 .5 3 .02/2.64 2 .90/2 .48 2 .78/2 .32 2 .72/2 .23 2 .64/2 .11 2 .58/2.04
11 2 .98/2 .60 2 .86/2 .45 2 .74/2 .29 2 .68/2 .20 2 .59/2 .06 2 .54/2.00
11 .5 2 .94/2 .57 2 .82/2 .42 2 .70/2 .26 2 .64/2 .16 2 .55/2 .05 2.50/1 .97
12 2 .91/2.54 2 .79/2 .39 2.67/2.23 2 .60/2 .13 2.51/2 .02 2 .46/1 .9 4
12 .5 2 .87/2.51 2 .75/2 .36 2 .63/2.20 2 .56/2 .11 2.48/1 .99 2 .42/1 .91
13 2 .84/2.48 2 .72/2 .33 2 .60/2.17 2 .53/2 .08 2.44/1 .96 2 .39/1 .88
13 .5 2.81/2.46 2 .68/2 .30 2 .56/2 .14 2 .49/2 .05 2 .41/1 .93 2 .35/1 .86
14 2 .78/2 .43 2 .65/2 .28 2 .53/2 .12 2 .46/2 .03 2 .38/1 .91 2 .32/1 .83

Note . Number at left is without concrete shoulder and number at right is with concrete shoulder (without concrete

shoulder/with concrete shoulder) ; 1 in . = 25 .4 mm, 1 pci = 271 .3 kN/m3 .
Source . After PCA (1984).

12.3 AASHTO METHOD

The design guide for rigid pavements was developed at the same time as that for flexibl e
pavements and was published in the same manual . The design is based on the empirica l
equations obtained from the AASHO Road Test, with further modifications based o n
theory and experience . In this section, only the thickness design is presented . The design
of steel reinforcements and tiebars is similar to that discussed in Section 4 .3 .2 and is not
presented here .

A comprehensive survey conducted in 1994 and 1995 (Jiang et al.) showed that most
state highway agencies used some version of the AASHTO pavement design procedure s
for rigid pavements. About 84 percent used either the 1972 or 1986/1993 AASHTO design
procedures for rigid pavement design, about 4 percent (two states) used the PCA method ,
and the remaining states (12 percent) used their own design procedures .

12.3.1 Design Equation s

The basic equations developed from the AASHO Road Test for rigid pavements are in
the same form as those for flexible pavements, but with different values for the regressio n
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constants. The equations were then modified to include many variables originally no t
considered in the AASHO Road Test .

Original Equations Much as with flexible pavements, the regression equations ar e

Gt = p(log Wt – log p) (11.29 )

3 .63(L 1 + L2 )52 °
(12.10 ),C3=100+

	

(D+1) 8.46L2 52

log p = 5 .85 + 7 .35 log(D + 1) – 4.62 log(L1 + L 2 )
(12 .11 )+ 3.28 log L2

in which

Gt = log[(4.5 – pt)/(4.5 – 1 .5)], where 4.5 is the initial serviceability for rigid
pavement at the AASHO Road Test, which is different from the 4 .2 for flexible
pavements, and pt is the serviceability at time t;

D = slab thickness in inches, which replaces SN for flexible pavements.

Using an equivalent 18-kip (80-kN) single axle load with L 1 = 18 and L2 = 1
and combining Eqs . 11 .29, 12 .10, and 12.11 yields

	

log

	

10

	

log[(4 .5 – p t)/(4 .5 – 1 .5) ]

	

g

	

= 7.35 g(D + 1)–0.06+1+
1.624x1071(D+1)8 .46 (12.12)

in which Wt18 is the number of 18-kip (80-kN) single axle load applications to time t.
Equation 12 .12 is applicable only to the pavements in the AASHO Road Test with the fol -
lowing conditions : modulus of elasticity of concrete E, = 4.2 x 1 06 psi (29 GPa), modu -
lus of rupture of concrete Se = 690 psi (4.8 MPa), modulus of subgrade reaction
k = 60 pci (16 MN/m3), load transfer coefficient J = 3 .2, and drainage coefficient
Cd = 1 .0 .

Modified Equations To account for conditions other than those that existed in th e
road test, it is necessary to modify Eq . 12 .12, using experience and theory. After com -
paring stresses calculated from strain measurements on the Road Test pavements with
theoretical solutions, the Spangler equation for corner loading (Spangler, 1942) was se -
lected for its simplicity by AASHTO (1972) to extend Eq. 12 .12 to other conditions .
The Spangler equation is given as

D2 (

	

E )
a- =	 1- - (12.13 )

in which a- is the maximum tensile stress in concrete in psi, J is the load transfer coeffi -
cient, P is the wheel load in lb, a l is the distance from corner of slab to center of load ,
and f is the radius of relative stiffness defined by Eq. 4 .10 and rewritten as

	 ZD 3 	 1 02 5

=[

	

2

	

(12 .14 )
12(1–v )
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in which Z = Ec/k and v is the Poisson ratio of concrete . Assuming that a l = 10 in .
(254 mm) and v = 0 .2 and substituting Eq . 12 .14 into 12.13 gives

JP ( 	 	 18 .42	 1
= D 2 1 — Zo.2sDo .7s ) (12 .15 )

Stresses were calculated for different combinations of Road Test variables b y
using Eq . 12.15 . The ratio between the calculated stresses and the modulus of rupture,
o-/Sc , was subsequently compared with axle-load applications . These comparisons
indicated that, for any given load and terminal serviceability level p t, the followin g
relationship similar to the general fatigue equation exists :

log Wt = a – (4 .22 – 0 .32pt ) log-

	

(12 .16 )

Assuming the same form of equation for other pavements with W, ci, and S[ yield s

log Wt = a – (4 .22 – 0 .32pt ) log –

	

(12.17 )

Combining Eqs. 12 .16 and 12 .17 and using the equivalent 18-kip (80-kN) single-axl e
load gives

-01)log Wt1S = log Wt18 + (4 .22 – 0 .32pt) log S°
From Eq . 12 .15,

(12 .18 )

o _

	

J[1 – 18 .42/(Z o .25Do.75 )]
(12 .19 )

o-'

	

J'[1 – 18.421(Z' o25 D o.75 ) ]

Combining Eqs . 12 .12, 12 .18, and 12.19 results in

log Wt18 = 7.35 log(D + 1) – 0.06 +

	

log[(4.5 – pt )l(4.5 – 1 .5) ]

1 + 1.624 X 107/(D + 1) 8 .46

rr

	

S'cJ

	

D 0 .75 – 18.42/Z°25
+ (4 .22 – 0 .32pt ) log[ ( S

L

	

J , )(Do .75 – 18 .42/Z' o .25 )] (12.20)

Letting Z = E c /k = 4 .2 x 106/60 = 70,000, S, = 690, and J = 3.2; adding a drainag e
coefficient Cd and a reliability term ZRS° ; replacing the term (4 .5 — pt ) by OPSI ;
and removing the primes for simplicity, the final design equation for rigid pavement s
becomes

log W

	

Z S + 7.35 log(D + 1

	

0 .06 +	
log[OPSI/(4 .5 – LS) ]

ls = R

	

)

	

1 + 1.624 x 107/(D + 1) 8.46

S c Cd (D07s – 1 .132)
(12.21 )(4 .22 – 0.32pt ) log{

215 .63
41)0 .75 _ 18 .42/(Ec/k)o .2s]

	

.21 )
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Figure 12 .17 is a nomograph for solving Eq . 12.21 . Note that pt does not appear in
the nomograph because it was assumed that pt = 4 .5 — OPSI. The DARWin computer
program can also be used to solve Eq . 12 .21 and perform the design procedure .

Example 12 .6 :

Given k = 72 pci (19 .5 MNIm 3), Ee = 5 x 106 psi (34 .5 GPa), Se = 650 psi (4 .5 MPa), J = 3 .2 ,
Cd = 1 .0, APSI = 4 .2 — 2.5 = 1 .7, R = 95%, So = 0 .29, and Wt = 5 .1 x 106 , determine thick-
ness D from Figure 12.17 .

Solution: The required thickness D can be determined by the following steps :

1. Starting from Figure 12 .17a with k = 72 pci (19.5 MN/m 3 ), a series of lines, as indi-
cated by the arrows, are drawn through Ee = 5 x 106 psi (34.5 GPa), Se = 650 (4 . 5
MPa), J = 3.2, and Cd = 1 .0 until a scale of 74 is obtained at the match line .

2. Starting at 74 on the match line in Figure 12 .17b, a line is drawn through APSI = 1 . 7
until it intersects the vertical axis .

3. From the scale with R = 95%, a line is drawn through So = 0 .29 and then through
W18 = 5 .1 x 106 until it intersects the horizontal axis .

4. A horizontal line is drawn from the last point in Step 2, a vertical line from that i n
Step 3. The intersection of these two lines gives a D of 9 .75 in. (246 mm), which i s
rounded to 10 in . (254 mm) .

Concrete Elastic Modulus, Ec (106 psi)
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FIGURE 12 .17
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Design chart for rigid pavements based on mean values (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa,
1 pci = 271 .3 kNIm3 ) . (From the AASHTO Guide for Design of Pavement Structures . Copyrigh t
1986 . American Association of State Highway and Transportation Officials, Washington, DC. Use d
by permission .)
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Example 12 .7 :
Same as Example 12.6, except that D is given as 9 .75 in. (246 mm) . Determine W18 by using
Eq. 12 .21 .

Solution : For R = 95%, from Table 11 .15, ZR = -1.645 . From Eq. 12.21, log W18 =

-1.645 X 0 .29 + 7 .35 log(9 .75 + 1) – 0 .06 + log(1 .7/2 .7)/[1 + 1 .624 x 107/(9 .75 + 1) 846] +

(4.22 – 0.32 X 2.5) log{[(650 X 1 .0)1(215 .63 x 3.2)][(9 .75 ) 075 – 1 .132]1[(9 .75 ) 0 .75 – 18 .421
(5 x 10 6/72) 0.25]} = - 0.477 + 7.581 – 0 .06 – 0 .195 – 0 .088 = 6.761, or Wm = 5 .8 x 106 ,
which checks well with the 5 .2 X 10 6 obtained from the chart .

12 .3 .2 Modulus of Subgrade Reactio n

The property of roadbed soil to be used for rigid pavement design is the modulus o f
subgrade reaction k, rather than the resilient modulus MR. It is therefore necessary t o
convert MR to k. As with MR , the values of k also vary with the season of the year, and
the relative damage caused by the change of k needs to be evaluated .

Correlation with Resilient Modulus As discussed in Section 5 .1 .1, there is no uniqu e
correlation between the modulus of subgrade reaction for liquid foundation and the
resilient modulus for solid foundation . Any relationship between k and MR is arbitrary
and depends on whether stresses or deflections are to be compared and on whether th e
loads are applied at the interior, edge, or corner of the slab .

Without Subbase If the slab is placed directly on the subgrade without a sub -
base, AASHTO suggested the use of the following theoretical relationship based on a n
analysis of a plate-bearing test :

MR
k

_

19 .4
(12 .22 )

Here, k is in pci and MR is in psi . This equation gives a k value that is too large . For exam-
ple, the resilient moduli equivalent to a k value of 100 pci (27.1 MN/m 3 ) are about 4000 ps i
(27 .6 kPa) for an 8-in . (203-mm) slab and 4720 psi (32 .6 MPa) for a 10-in . (254-mm) slab,
based on the edge stress as shown in Table 5 .13, while those based on the corner deflectio n
are 6400 and 7560 psi (44 .2 and 52 .2 MPa), as shown in Table 5 .14 . For a k value of 100 pc i
(27.1 MPa), the resilient modulus obtained from Eq . 12.22 is only 1940 psi (13 .4 MPa) .

Equation 12 .22 was based on the definition of k using a 30-in. (762-mm) plate.
The deflection wo of a plate on a solid foundation can be determined by Eq . 2 .10 . The
modulus of subgrade reaction, which is defined as the ratio between an applied pres-
sure q and the deflection wo, can be expressed a s

q

	

2MR
k =

	

=

	

2

	

(12 .23 )
wo

	

7r(1 – v )a

in which v is the Poisson ratio of the foundation and a is the radius of the plate. If
v = 0.45 and a = 15 in. (381 mm), then Eq . 12 .23 become s

k = MR (12 .24)
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based on a subgrade of infinite depth and is denoted by /c oo . The chart was developed
by using the same method as for a homogeneous half-space, except that the 30-in . (762 -
mm) plate is applied on a two-layer system . Therefore, the k values obtained from th e
chart are too large and do not represent what actually occurs in the field .

Example 12 .8 :

Given a subbase thickness Ds B of 6 in . (152 mm), a subbase resilient modulus Es B of 20,000 psi
(138 MPa), and a roadbed soil resilient modulus MR of 7000 psi (48 MPa), determine the com -
posite modulus of subgrade reaction kc, .

Solution: The composite modulus of subgrade reaction can be determined as follows :

1. In Figure 12 .18, a vertical line is drawn upward from the horizontal scale with a sub -
base thickness ESB of 6 in. (152 mm) until it reaches a point with a subbase modulu s
ESB of 20,000 psi (138 MPa) .

2. The same line is drawn downward until it intersects the curve with a roadbed soil re-
silient modulus MR of 7000 psi (48 MPa), and then the line is turned horizontally until
it intersects the turning line.

3. A horizontal line is drawn from the point in Step 1, a vertical line from the point o n
the turning line in Step 2 . The intersection of these two lines gives a k,,, of 400 pci
(108 MN/m 3 ) .

Rigid Foundation at Shallow Depth Equation 12 .22 and Figure 12.18 are
based on a subgrade of infinite depth . If a rigid foundation lies below the subgrade and
the subgrade depth to rigid foundation Ds G is smaller than 10 ft (3 m), then the modu-
lus of subgrade reaction must be modified by the chart shown in Figure 12 .19 . The
chart can be applied to slabs either with or without a subbase .

Example 12 .9 :

Given MR = 4000 psi (27.6 MPa), Ds G = 5 ft (1 .52 m), and k„ = 230 pci (62.4 MN/m3 ), deter -
mine k.

Solution: In Figure 12 .19, a vertical line is drawn from the horizontal scale with a MR of 4000
psi (27 .6 MPa) until it intersects the curve with a DSG of 5 ft. The line is turned horizontally until
it reaches a point with a ko of 230 pci (62 .4 MN/m 3 ) and then vertically until a k of 300 pci
(81 .4 MN/m3 ) is obtained.

Effective Modulus of Subgrade Reaction The effective modulus of subgrade reactio n
is an equivalent modulus that would result in the same damage if seasonal modulu s
values were used throughout the year . The equation for evaluating the relative damag e
and the method for computing the effective k are discussed next .

Relative Damage From Eq . 12 .21, the effect of k on W18 can be expressed a s

r /

	

18 .42k° 25 (4 .22-o .32p r )

log W18 = log c — log
[

I D0 '75 —
E2

.25 )

	

]
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Modulus of Subgrade Reaction, kr (pci)
Assuming Semi-infinite Subgrade Dept h
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FIGURE 12 .1 9

Chart for modifying modulus of subgrade reaction due to rigid foundation near surface (1 ft = 0 .305 m ,
1 psi = 6 .9 kPa, 1 pci = 271 .3 kN/m 3 ) . (From the AASHTO Guide for Design of Pavement Structures .
Copyright 1986 . American Association of State Highway and Transportation Officials, Washington ,
DC. Used by permission . )

or

C

	

(12 .25
)

Wls —
(D 0 .75 _ 18 .42ko .25/E o .25 ) (4 .22-o .32p, )

in which C is the sum of all terms except for those related to k . Because of the relativel y
small variation in Ee and pt , Eq . 12 .25 can be simplified by assuming that Ee =
5 x 10 6 psi (34.5 GPa) and in, = 2 .5 :

W18 — (D0.75 - 0.39ko .25 )142

If WT is the predicted total traffic, then the damage ratio can be expressed a s

D = WT(D0.75 _ 0.39k o.25 ) 3 .42
r —

C
(12 .26 )

(12.27)
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Example 12 .10 :

Given D = 9 in. (229 mm) and k = 540 pci (147 MN/m3 ), determine ur by Eq . 12.30 and com-
pare the result with Figure 12 .20 .

Solution: From Eq. 12 .30, ur = [(9)° .75 – 0 .39(540)0.2513 .'2 = 60 .3, which checks with a rela-
tive damage of 60 obtained from the chart .

Computation Table 12 .17 shows the computation of the effective modulus o f
subgrade reaction for a slab thickness of 9 in . (229 mm) . It is assumed that the slab i s
placed directly on a subgrade having the monthly resilient moduli shown in the table .

Explanation of Columns in Table 12 .1 7

1. Each year is divided into 12 months, each with a different subgrade modulus .

2. The roadbed resilient moduli are the same as those used in the DAMA progra m
for a MAAT of 60°F (15 .5°C) and a normal modulus of 4500 psi (31 MPa), a s
shown in Table 11 .10 . The maximum modulus is 50,000 psi (345 MPa) and occur s
in March when the subgrade is frozen .

3. The k values are obtained from Eq . 12 .22 . Because no corrections for rigid foun-
dation are needed, these k values can be used for computing relative damage .

4. The relative damage can be obtained from Eq . 12 .30 or Figure 12.20 . The sum of
relative damage is 988.7 and the average over the 12 months is 82 .4, which i s
equivalent to an effective modulus of 263 pci (71.4 MN/M 3 ) .

It is interesting to note the significant difference in behaviors between flexibl e
and rigid pavements under freeze–thaw conditions . For the flexible pavement analyzed
in Figure 11.26, the damage caused by the spring breakup in May constitutes about
65% of the total damage, and the effective roadbed soil modulus is 2200 psi (15 MPa) ,
versus the normal value of 4500 psi (31 MPa) . For the rigid pavement analyzed in Tabl e
12 .17, the damage caused by the spring breakup in April constitutes only 12% of th e
total damage, and the effective modulus of subgrade reaction is 263 pci (71 .4 MN/m3 )
versus the normal value of 232 pci (62 .9 MN/m 3 ) . The fact that the effective modulus i s
even greater than the normal modulus substantiates the claim by PCA (1984) that th e
normal summer or fall k values can be used for design purposes to avoid the tediou s
method of considering seasonal variations.

Loss of Subgrade Support To account for the potential loss of support by foundation
erosion or differential vertical soil movements, the effective modulus of subgrade reac -
tion must be reduced by a factor, LS. Figure 12 .21 shows a chart for correcting the
effective modulus of subgrade reaction due to the loss of foundation support . For ex-
ample, if the effective modulus of subgrade reaction for full contact, LS = 0, is 540 pc i
(147 MN/m3), the effective modulus of subgrade reaction for partial contact wit h
LS = 1 is 170 pci (46 MN/m 3 ) .

Figure 12 .21 was developed by computing the maximum principal stress under a
single-axle load for four different contact conditions with LS = 0, 1, 2, and 3 . The bes t
case is LS = 0, when the slab and foundation are assumed to be in full contact . The
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worst case is LS = 3, when an area of slab, 9 ft (2 .7 m) long and 7 .25 ft (2 .2 m) wide
along the pavement edge, is assumed not to be in contact with the subgrade . The area
assumed not to be in contact for LS = 2 is smaller than that for LS = 3 but greater
than that for LS = 1 . The result of the AASHO Road Test indicates that the stresse s
produced in a concrete pavement are proportional to the number of load application s
it can carry, so the equivalent k value for partial contact can be obtained by varying th e
k values until the maximum principal stress for full contact is equal to that for partia l
contact .

Table 12 .18 provides some suggested ranges of LS for different types of subbas e
and subgrade materials. In the selection of LS factor, consideration should be given t o
differential vertical soil movements that may result in voids beneath the pavement .
Even though a nonerosive subbase is used, LS values of 2 .0 to 3 .0 may still be used for
active swelling clays or excessive frost heave .

12 .3 .3 Design Variable s

The design variables presented in Sections 11 .3 .1 and 11 .3 .6 for flexible pavements ,
such as time constraints, traffic, reliability, environmental effects, serviceability, stag e
construction, and the analysis of swelling and frost heave, are the same as those fo r
rigid pavements and are not repeated here . The effective modulus of subgrade reaction
was discussed in Section 12 .3 .2, so only the elastic modulus of concrete Ee, the concret e
modulus of rupture Sc , the load transfer coefficient J, and the drainage coefficient Cd
are presented in this section .

Elastic Modulus of Concrete The elastic modulus of concrete can be determined
according to the procedure described in ASTM C469 or correlated with the compres-
sive strength . The following is a correlation recommended by the American Concret e
Institute :

Ee = 57,000(K) 0 .5

	

(12 .31 )

in which Ee is the concrete elastic modulus in psi and f o is the concrete compressive
strength in psi as determined by AASHTO T22, T140, or ASTM C39 .

TABLE 12 .18 Typical Ranges of LS Factors for Various Types of Material s

Type of material Loss of support (LS)

Cement-treated granular base (E = 1 x 10 6 to 2 x 10 6 psi) 0.0 to 1 .0
Cement aggregate mixtures (E = 500,000 to 1 x 10 6 psi) 0.0 to 1 .0
Asphalt-treated bases (E = 350,000 to 1 x 10 6 psi) 0.0 to 1 .0
Bituminous-stabilized mixture (E = 40,000 to 300,000 psi) 0.0 to 1 .0
Lime-stabilized materials (E = 20,000 to 70,000 psi) 1 .0 to 3 .0
Unbound granular materials (E = 15,000 to 45,000 psi) 1 .0 to 3. 0
Fine-grained or natural subgrade materials (E = 3000 to 40,000 psi) 2.0 to 3 .0

Note. E in this table refers to the general symbol of the resilient modulus .
Source . After AASHTO (1986) .
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Concrete Modulus of Rupture The modulus of rupture required by the design proce -
dure is the mean value determined after 28 days by using third-point loading, as speci -
fied in AASHTO T97 or ASTM C78. If center-point loading is used, a correlation
should be made between the two tests .

Load Transfer Coefficient The load transfer coefficient J is a factor used in rigi d
pavement design to account for the ability of a concrete pavement structure to transfe r
a load across joints and cracks . The use of load transfer devices and tied concrete shoul -
ders increases the amount of load transfer and decreases the load-transfer coefficient .
Table 12 .19 shows the recommended load transfer coefficients for various pavement
types and design conditions. The AASHO Road Test conditions represent a J value o f
3 .2, because all joints were doweled and there were no tied concrete shoulders .

Drainage Coefficient The drainage coefficient Cd has the same effect as the load -
transfer coefficient J . As indicated by Eq . 12 .21, an increase in Cd is equivalent to a de-
crease in J, both causing an increase in Wi s . Table 12 .20 provides the recommended Cd

values based on the quality of drainage and the percentage of time during which th e
pavement structure would normally be exposed to moisture levels approaching satura -
tion. As with flexible pavements, the percentage of time is dependent on the averag e
yearly rainfall and the prevailing drainage conditions .

TABLE 12 .19 Recommended Load Transfer Coefficient for Variou s
Pavement Types and Design Condition s

Type of shoulder

	

Asphalt

	

Tied PC C

Load transfer devices

	

Yes

	

No

	

Yes

	

No

JPCP and JRCP

	

3.2

	

3 .8—4.4

	

2 .5—3 .1

	

3 .6—4 .2
CRCP

	

2 .9—3 .2

	

N/A

	

2 .3—2 .9

	

N/A

Source. After AASHTO (1986) .

TABLE 12 .20 Recommended Values of Drainage Coefficients C d for Rigid Pavement s

Quality of drainage
Percentage of time pavement structure is exposed t o

moisture levels approaching saturatio n

Water removed Less than Greater than
Rating within 1% 1—5% 5—25% 25 %

Excellent 2 hours 1 .25—1 .20 1 .20—1 .15 1 .15—1 .10 1 .1 0
Good 1 day 1 .20—1 .15 1 .15—1.10 1 .10—1 .00 1 .0 0
Fair 1 week 1 .15—1 .10 1.10—1 .00 1 .00—0.90 0 .9 0
Poor 1 month 1 .10—1 .00 1 .00—0 .90 0.90—0.80 0 .8 0
Very poor Never drain 1 .00—0 .90 0 .90—0.80 0.80—0.70 0 .70

Source . After AASHTO (1986) .
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12.3.4 Comparison with PCA Method

It is difficult to compare results between the AASHTO and the PCA methods becaus e
the AASHTO method is based on reliability, using mean values for all variables, wherea s
the PCA method does not consider reliability, but incorporates load safety factors an d
more conservative material properties. The AASHTO method is based on the equivalent
18-kip (80-kN) single-axle load applications and does not distinguish the type of distress ;
the PCA method considers both fatigue cracking and foundation erosion, using actua l
single- and tandem-axle loads . In view of the fact that fatigue cracking is more critica l
under single-axle loads and foundation erosion is more critical under tandem-axle loads, it
is unreasonable to use ESAL for rigid pavement design, because the conversion of a tan-
dem-axle load to an equivalent single-axle load actually changes the failure mode from
erosion at the joint to fatigue at midslab. In the following comparison, it is assumed tha t
the pavement is subjected to only one type of axle load, that is, the same 18-kip (80-kN )
single-axle load, so the predominant mode of distress is fatigue cracking .

In applying the AASHTO method, the following parameter values are assumed :
reliability R = 95%, standard deviation S o = 0.35, serviceability loss zPSI = 2.0 (pt =

2.5), drainage coefficient Cd = 1 .0, load transfer coefficient J = 3.2 without concret e
shoulders and 2 .5 with concrete shoulders, concrete modulus of rupture S, = 650 ps i
(4 .5 MPa), and modulus of subgrade reaction k = 100 pci (27 .1 MN/m3 ) . In the PCA
method, a load safety factor of 1 .2 and the same S, of 650 psi (4 .5 MPa) and k of 100 pci
(27.1 MN/m3 ) are assumed. The PCA design chart has already taken into account th e
variation of S, and the increase of S, with time, so only the input of S c at 28 days is re-
quired, which is the same as the So specified by AASHTO . The same k values are used
in both methods because the normal summer or fall modulus of subgrade reaction
specified by PCA is not too much different from the effective modulus of subgrade re -
action specified by AASHTO, as illustrated by the example in Table 12 .17 . Table 12.2 1
shows a comparison of thickness design between the AASHTO and PCA methods .

In Table 12.21, comparisons are made for pavements both with and without tied con -
crete shoulders. The allowable ESAL for five different slab thicknesses are shown. The
AASHTO ESAL was computed by the AASHTO design equation (Eq . 12 .21) ; the PCA
ESAL was obtained from the PCA design tables and charts based on the fatigue criterio n
(Table 12 .6 or 12 .7 and Figure 12.12) by using a single-axle load of 21 .6 kip (96 kN), which

TABLE 12 .21 Comparison of Thickness Between AASHTO and PCA Methods

No concrete shoulder With concrete shoulder
Sla b

thickness

	

AASHTO PCA Thickness AASHTO Thicknes sPCA
(in .)

	

ESAL ESAL by PCA (in .) ESAL ESAL by PCA (in. )

5

	

1 .2 x 105 <100 7.5 2.8 x 105 350 6. 6
6

	

3 .2 x 105 500 7.9 7 .4 x 105 4 .0 x 104 6. 9
7

	

7 .4x105 3 .0x10 4 8.1 1 .7 x 106 1 .0 x 106 7. 1
8

	

1 .6 x 106 5 .0x10 5 8.2 3 .7x106 >10 7 7 . 2
9

	

3 .3 x 106 >107 8.3 7 .7x106 >10 7 7.3

Note. 1 in . = 25 .4 mm.
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is the 18-kip (80-kN) load multiplied by a load safety factor of 1 .2. It was found that, whe n
the joints are doweled, the use of the erosion criterion is not as critical as the use of the fa -
tigue criterion . The thickness by PCA, as shown in Table 12 .21, is the slab thickness deter-
mined by the PCA method based on the AASHTO ESAL .

As can be seen from Table 12.21, a large difference in ESAL exists between th e
two methods. For slabs with a thickness smaller than 8 in . (203 mm) and no concrete
shoulder or for slabs with a thickness smaller than 7 in . (178 mm) and a tied concrete
shoulder, the ESAL determined by the AASHTO method is one or more orders o f
magnitude greater than that obtained by the PCA method . Therefore, the use of the
AASHTO equation for thin pavements, such as concrete shoulders, is less conserva-
tive . For example, with an ESAL of 2 .8 x 105 and a tied concrete shoulder, a thickness
of 5 in. (122 mm) is sufficient by the AASHTO equation but the thickness required b y
the PCA method is 6 .6 in . (168 mm) .

It appears that the ESAL obtained by the PCA method is more reasonable, a t
least for thinner pavements . Consider the case of a 5-in . (127-mm) slab without a con-
crete shoulder . A run of KENSLABS shows that the critical edge stress under an 18-kip
(80-kN) single-axle load is 641 psi (4 .4 MPa), which is nearly equal to the concrete mod -
ulus of rupture. Thus, it is not possible that the pavement can withstand 120,000 applica -
tions of an 18-kip (80-kN) single-axle load as computed by the AASHTO equation .

12.4 CONTINUOUS REINFORCED CONCRETE PAVEMENT S

In both PCA and AASHTO design methods, the procedure for determining the thick-
ness of CRCP is the same as that for JPCP and JRCP. According to PCA (1984), the
analysis of CRCP by the JSLAB computer program indicated that the critical stresses
and deflections in CRCP were about the same as those in conventional pavements,
sometimes slightly larger and sometimes slightly smaller (depending on the crack spac -
ing), so the use of the same thickness is recommended . The difference in thickness
design between CRCP and conventional pavements in the AASHTO method is tha t
CRCP allows the use of a slightly smaller load transfer coefficient, as shown in Table 12.19 .
If the load transfer coefficient in Example 12 .6 is reduced from 3 .2 to 2 .9, the thickness
of the slab can be reduced from 9 .75 in. (248 mm) to 9 in. (229 mm) .

In this section, only the design of longitudinal steel recommended by AASHTO
(1986) is presented. The design of transverse steel is similar to that discussed in Exam -
ple 4.10 and is not presented here . The AASHTO method for designing longitudinal
reinforcements is the same as the method published by Austin Research Engineers ,
Inc. (McCullough and Elkins, 1979) and later adopted as a design procedure by the
Associated Reinforcing Bar Producers—CRSI (McCullough and Cawley, 1981) .

12 .4.1 Design Variable s

The input variables for the design of longitudinal reinforcement are discussed below .

Concrete Tensile Strength The concrete indirect tensile strength at 28 days, as deter-
mined by AASHTO T198 or ASTM C496, should be used for the design of longitudina l
steel reinforcement . The indirect tensile strength ft can be assumed to be 86% of the
modulus of rupture S, that is used for thickness design .
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TABLE 12 .22 Approximate Relationship Betwee n
Shrinkage and Indirect Tensile Strength of PC C

Indirect tensile strength (psi) Shrinkage (in ./in . )

300 or less 0.0008
400 0.0006
500 0.00045
600 0.0003
700 or greater 0.0002

Source . After AASHTO (1986) .

Concrete Shrinkage Concrete shrinkage at 28 days, Z, is a significant factor in the re -
inforcement design. Shrinkage is strongly related to strength, because both depend o n
the water-cement ratio . Table 12.22 may be used as a guide in selecting a shrinkage
value corresponding to the indirect tensile strength .

Concrete Thermal Coefficient The thermal coefficient of expansion for PCC, ac, de-
pends on many factors such as the water-cement ratio, concrete age, richness of th e
mix, relative humidity, and the type of aggregate in the mix . However, the type of
coarse aggregate has the most influence . Recommended values of the thermal coeffi-
cient of PCC as a function of aggregate types is presented in Table 12 .23 .

Bar or Wire Diameter Typical No. 5 and No. 6 deformed bars are used for longitudi -
nal reinforcement in CRCP. The nominal diameter of a reinforcing bar in inches is sim -
ply the bar number divided by 8 . The No. 6 bar is the largest practical size that shoul d
be used to meet bond requirements and control crack widths . The relationship betwee n
longitudinal and transverse wire should conform to manufacturers' recommendations.

Steel Thermal Coefficient Unless specific knowledge of the thermal coefficient i s
known, the value 5 x 10 -6 /°F (9 X 10-6/°C) may be assumed for design purposes.

Design Temperature Drop The design temperature drop is the difference between
the average concrete curing temperature and a design minimum temperature and ca n
be computed as

DTD =TH - TL

	

(12.32)

TABLE 12 .23 Recommended Value of the Thermal Coefficient of
PCC as a Function of Aggregate Type s

Type of coarse aggregate

	

Concrete thermal coefficient (10-6/°F)

Quartz

	

6 . 6
Sandstone

	

6 . 5
Gravel

	

6 . 0
Granite

	

5 . 3
Basalt

	

4 . 8
Limestone

	

3 . 8

Note. Value/°F must be multiplied by 1 .8 to obtain value/°C.
Source . After AASHTO (1986) .
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the wheel load magnitude, and the effective modulus of subgrade reaction, as shown b y
the example in Figure 12 .22 .

12 .4.2 Limiting Criteria

Three limiting criteria must be considered for the design of longitudinal steel : crack
spacing, crack width, and steel stress .

Crack Spacing The limits on crack spacing are based on the possibility of spalling an d
punchout. To minimize spalling, the maximum spacing between consecutive crack s
should be limited to 8 ft (2 .4 m). To minimize the potential for punchout, the minimum
desirable spacing is 3 .5 ft (1 .1 m) .

Crack Width The limit on crack width is based on a consideration of spalling and
water infiltration . The allowable crack width should not exceed 0 .04 in . (1 .0 mm) . The
crack width should be reduced as much as possible through the selection of a highe r
steel percentage or smaller diameter reinforcing bars .

Steel Stress A limiting stress of 75% of the ultimate tensile strength is recommend -
ed. Table 12.24 shows the mean steel working stress as a function of reinforcing-ba r
size and concrete strength . The indirect tensile strength of concrete should be deter -
mined according to AASHTO T198 or ASTM C496 . The limiting steel workin g
stresses in Table 12 .24 are for Grade 60 steel meeting ASTM A615 specifications .
Guidance for the allowable steel stress for other types of steel is provided b y
Majidzadeh (1978) .

12 .4.3 Design Nomographs and Equation s

Figures 12 .23, 12 .24, and 12 .25 show the nomographs for determining the percentage of
longitudinal reinforcement to satisfy the criteria of crack spacing, crack width, an d
steel stress, respectively. Also shown in the figures are the equations for developing th e

TABLE 12 .24 Allowable Steel Working Stres s

Reinforcing bar size s
Indirect tensile strength of
concrete at 28 days (psi) No . 4 No. 5 No . 6

300 or less 65,000 57,000 54,000
400 67,000 60,000 55,000
500 67,000 61,000 56,000
600 67,000 63,000 58,000
700 67,000 65,000 59,000
800 or greater 67,000 67,000 60,000

Note. Steel stress is in psi, 1 psi = 6 .9 kPa .
a Proportional adjustments may be made for DWF based on wire
diameter to bar diameter .
Source . After AASHTO (1986) .
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1 .7 9

(1+1000)

	

x(1+P)

	

x(1+1000Z )

Example:

X = 3 .5 ft.
as /a, = 1 .3 2

12.0

	

t)
11.0 TL

	

T L

	

T L

10.0 j b
9.0 -

7

8.0 —

7.0 —

6.0 — N

till

5.0 — Ca — .000 2
— 2 .00 s

a — 1/2v~

	

- /1.50 o

	

.0004

4 .0 — -1 .00
— .75

X5/8

q — 3/4 — .000 6
.50

U

	

3.0 —

— .000 8
CQ

0
U
0

I
J

U

TL

y = 5/8 in .
z = 0.0004
Qµ, = 230 ps i
ft = 550 psi
Solution : P = 0 .51 %

— .9

— .8

800 —
.

— 280 a.
240

700 —
— 200
— 160

— 120 600 —
s

	

4,

— 80

500 —
i~

H
— . 5

400 —

FIGURE 12 .23

Percent steel to satisfy crack spacing criterion (1 ft = 0 .305 m, 1 in. = 25 .4 mm, 1 psi = 6 .9 kPa) .
(From the AASHTO Guide for Design of Pavement Structures . Copyright 1986 . American Association
of State Highway and Transportation Officials, Washington, DC. Used by permission. )

nomographs. To facilitate the computation of percent steel P from the limiting criteria ,
the equations can be rewritten as presented below .

Crack Spacing Given the crack spacing, the percent steel can be determined b y

1 .062(1 + ft /1000) 1457 (1 + as/2ac )025 (1 + 4)0 .476

P _

	

(X)°
.217(1 + 0-w/1000) 1 .13 (1 + 1000Z)0 .389

	

—
1

	

(12 .33 )

in which P is the amount of longitudinal steel in percent, X is the crack spacing in ft, ft

is the indirect tensile strength in psi, as/ac is the thermal coefficient ratio, 4) is the rein -

forcing bar or wire diameter in inches, o -w is the wheel load stress in psi, and Z is th e
concrete shrinkage at 28 days in in ./in . For the example shown in Figure 12 .23, the

percent steel computed by Eq . 12 .33 is P = [1 .062(1 .55) 1 .457 (1 .66)025 (1 .625) 0 .476 ] /

[(3 . 5)0217 (1 . 23) 113 (1 .4)0389 ] - 1 = 0.52, which checks with the 0 .51% obtained from

the chart .

~
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FIGURE 12 .2 4

Minimum percent steel to satisfy crack width criterion (1 in . = 25 .4 mm, 1 psi = 6.9 kPa) . (From the
AASHTO Guide for Design of Pavement Structures . Copyright 1986 . American Association of Stat e
Highway and Transportation Officials, Washington, DC. Used by permission . )

Crack Width Given the crack width, the percent steel can be computed by

0 .358(1 + ft/1000)1 .435(1 + ) 0 .484

P =

	

(CW)° .220(1 + QW/1000) 1.079

	

— 1

	

(12 .34)

in which CW is the crack width in inches . For the example shown in Figure 12 .24, the
percent steel computed by Eq . 12 .34 is P = [0.358(1 .55) 1 .435 (1 75) 0 .484 ]/[(0 .04)022

(1 .23)1 .°79] — 1 = 0.43, which is the same as that obtained from the chart .

Steel Stress Given the steel stress, the percent of steel can be computed by

50.834(1 + DTD /100) 0 .155 (1 + f/1000)1 .493

P = (us)°.365(1 + 0-W/1000) 1 .146(1 + 1000Z)°.18° — 1

	

(12 .35 )

in which o- is the steel stress in psi and D TD is the design temperature drop in °F. For
the example shown in Figure 12 .25, the percent steel computed by Eq . 12 .35 i s
P = [ 50 .834(1 .55) 0 .155 (1 .55) 1 .493 ]/[(57,000)0.365 (1 23) 1 .146 (1 .4) 018 ] — 1 = 0.43, which i s
slightly smaller than the 0 .47% obtained from the chart .
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FIGURE 12 .2 5
Minimum percent steel to satisfy steel stress criterion (1 psi = 6 .9 kPa, 1°F = 0 .56°C) . (From the
AASHTO Guide for Design of Pavement Structures . Copyright 1986 . American Association of State
Highway and Transportation Officials, Washington, DC . Used by permission . )

12 .4.4 Design Procedure

The following design procedures may be used to determine the amount of longitudina l
reinforcement required :

1. Determine the required amount of steel reinforcement to satisfy each limiting

criterion, using Figures 12 .23, 12 .24, and 12.25 or Eqs. 12 .33, 12 .34, and 12 .35 . The

minimum amount of steel Pmi„ is selected as the largest among the three criteria :

crack spacing of 8 .0 ft (2.4 m), crack width, and steel stress ; the maximum amount

Pmax is based solely on a crack spacing of 3 .5 ft (1 .1 m) .

2. If Pmax is less than Pmin , the design is unsatisfactory, and some of the inputs must
be revised until Pmax is greater than Pmin .

3. Determine the range in the number of reinforcing bars or wires required b y

Nmin = 0.01273Pmin WW D/4) 2 (12.36)

Nmax = 0 . 01273PmaxWs D (4 2 (12.37)
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in which Nmin and Nmax are the minimum and maximum number of reinforcin g
bars or wires required, Pmin and Pmax are the minimum and maximum amount o f
steel in percent, Ws is the total width of pavement section in inches, D is the thick-
ness of the concrete slab in inches, and is the reinforcing bar or wire diameter i n
inches, which may be increased if loss of cross section due to corrosion is foreseen .

4. Determine the final steel design by selecting the total number of bars or wires N
such that N is a whole number between Nmin and Nmax. The appropriateness of
the final design may be checked by converting N to P and working backward
through the design charts or by using the equation at the top of each chart t o
estimate crack spacing, crack width, and steel stress .

Example 12 .11 :

Given the following information, determine the number of longitudinal steel bars per 12 ft (3 .66 m)
lane for a continuously reinforced concrete pavement : thickness of slab D = 9 .5 in . (241 mm), mag-
nitude of wheel load due to construction traffic = 20,000 lb (89 kN), effective modulus of subgrade
reaction k = 170 pci (46 .1 MN/m3 ), concrete ind irect tensile strength ft = 550 psi (3.8 MPa), con-
crete shrinkage Z = 0 .0004 in ./in ., thermal coefficient of steel o = 5 x 10 -6 in./in./°F (9 x
10-6 mm/mm/°C), thermal coefficient of concrete (limestone aggregate) a c = 3 .8 X 10-6 in./in ./° F
(6 .8 x 10 -6 mmlmm/°C), and design temperature drop DT D = 55°F (31° C) .

TABLE 12 .25

	

Worksheet for Longitudinal Reinforcement Desig n

Design inputs

Input variable Value Input variable Valu e

Reinforcing Bar/Wire
Diameter ¢ (in . )

Concrete Shrinkag e
Z (in ./in. )

Concrete Tensil e
Strength, ft(psi)

5/8 (No. 5 )

0 .0004

550

Thermal Coefficient
Ratio a s /a c

Design Temperatur e
Drop DTD (°F)

Wheel Load Stres s

9-w(Psi)

1 .32

55

230

Design criteria and required steel percentag e

Allowable Allowabl e
Crack Crack Stee l

Spacing if Width, CWmax Stress, (as)max Steel
(ft) (in .) (ksi) Rangeb

Value of Max : 8 . 0
Limiting Criteria Min : 3.5 0.04 62

Minimu m
Required Steel <0 .40% <0.40% <0.40% 0.40% (Pm;,,) a

Percentag e
Maximum

Allowable Steel 0.51% 0.51% pmax
Percentag e

Note .°Enter the largest percentage across line .
bIf pmax < pmin, reinforcement criteria are in conflict, design not feasible 1 in . = 25 .4 mm, 1 ft = 0.305 m,
1 psi = 6 .9 kPa.



12 .4 Continuous Reinforced Concrete Pavements 59 1

Solution: Table 12.25 is a worksheet for longitudinal reinforcement design . The design input s

are entered at the top part of the table. It is assumed that No . 5 bars with a diameter of in.

(16 mm) are used . The thermal coefficient ratio is as /a, = (5 X 1 0 -6 )/(3 .8 X1 0-6) = 1 .32 . The
wheel load stress r is 230 psi (1 .6 MPa) and can be obtained from Figure 12 .22 .

The percentages of steel based on the limiting criteria are shown at the bottom part o f
Table 12.25 . The percent steel for a crack spacing of 3 .5 ft (1 .1 m) is 0 .51%, as shown in Figure 12.23 ,
and that for a crack spacing of 8 ft (2 .4 m) is less than 0 .4% and outside the range of the char t
(Eq . 12 .33 gives P = 0.27%) .The percent steel for a crack width of 0 .04 in . (1 mm) can be deter-
mined from Figure 12 .24 or computed by Eq . 12.34 . A steel of 0.43%, as shown in Figure 12 .24, i s
for i-in . bars . For s-in . bars, the percent steel computed by Eq. 12 .34 is 0.38%, which is less than
the minimum, 0 .4%, required. For a No. 5 bar with a ft of 550 psi (3 .8 MPa), the allowable steel
stress os is 62,000 psi (428 MPa), as shown in Table 12.24 . The example in Figure 12 .25 is for No.
6 bars with a v s of 57 ksi (393 MPa) . For No. 5 bars with a o- s of 62 ksi (428 MPa), the percent
steel obtained from Eq. 12 .35 is 0 .39%, which is smaller than 0 .4% and outside the range of th e
chart . With Pmin = 0 .4% and Pma,, = 0.51%, from Eq. 12 .36, Nmin = 0 .01273 X 0 .4 X

12 X 12 X 9.5/(0 .625) 2 = 17.8; from Eq. 12 .37, Nmax = 0.01273x0 .51x12x12X9.5/
(0 .625 ) 2 = 22 .7. Using 18 No. 5 bars per lane, the longitudinal reinforcing bar spacing is 8 in .
(203 mm) .

From the equation at the top of each chart, the predicted crack spacing is 5 .12 ft (1 .56 m) ,
which is between the required 3 .5 to 8 ft (1 .1 to 2 .4 m) ; the predicted crack width is 0 .037 in.
(0.94 mm), which is smaller than the allowable 0 .04 in . (1 mm); and the predicted steel stress i s
60,200 psi (415 MPa), which is smaller than the allowable 62,000 psi (428 MPa) .

12 .4.5 Field Performanc e

A nationwide field investigation was made by Tayabji et al. (1995) under the sponsor-
ship of FHWA to evaluate the performance of existing CRCP sections . Twenty-three
in-service CRCP were investigated to study the effect of various design and construc-
tion features on pavement performance . Some of their findings are summarized below :

1. There is a strong correlation among percentage of steel, concrete strength, and
crack spacing . For conventional concrete with a compressive strength at 28 day s
of about 3,000 psi (21 MPa), steel in the amount of 0 .6 to 0 .7 percent appears to
provide desirable long-term average crack spacing in the range of 3 to 5 ft (0 .9 to
1 .5 m). The use of steel less than 0 .6 percent may result in longer crack spacin g
and possible premature development of punchouts at closely spaced cracks adja-
cent to longer spaced cracks . The use of 0 .65 percent as the minimum steel con -
tent is strongly recommended. If higher steel content is to be used, highe r
strength concrete should be specified to maintain appropriate crack spacing or a
stabilized base must be specified .

2. The effect of a tied concrete shoulder could not be considered positive with re-
spect to improving the structural response of CRCP, as indicated by deflection
tests along the edges. The use of widened lanes appears to be promising an d
should be seriously considered as a design option .

3. The effect of base type on CRCP was not pronounced. The two sections with
permeable bases exhibited higher crack spacing. However, both sections were
young, and one was constructed with a small amount of steel. Also, a separate
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evaluation of a 3-year-old Virginia CRCP constructed with cement-treated bas e
(CTB) indicated that adequate crack spacing can develop in CRCP incorporatin g
permeable CTB.

4. The use of epoxy-coated reinforcement resulted in no undesirable cracking pat -
tern . The FHWA Technical Advisory T5080 .14 dated June 5, 1990 recommende d
that the bond area be increased 15 percent if epoxy-coated steel reinforcement is
used. This implies that 15 percent more steel should be used if epoxy-coated bars
are employed . Based on the limited data, it appears that the use of 15 percent mor e
steel may not be warranted provided the steel content is properly estimated . How-
ever, additional field data need to be compiled to verify those observations .

5. An attempt was made to determine why certain CRCP sections had cracking pat -
terns significantly different from other sections with similar design factors. No ex -
planation could be made other than that the ambient temperature and curing
conditions might have contributed to the development of cracking pattern.

6. Load transfer efficiencies at transverse cracks of CRCP, even after many years o f
service, remain high, generally greater than 90 percent, provided an adequat e
amount of steel is used .

7. Further research and development for CRCP should focus on improving the crac k
patterns through improved construction and design technology . For many years,
the design of CRCP has focused on the percent of steel reinforcement and the ex-
pected drop in pavement temperature over the course of a year . However, it is clear
that crack patterns cannot be controlled by the steel design alone and that other
considerations should be included in the design process, such as the type of aggre-
gate, method of curing, concrete shrinkage potential, depth of steel cover, and rat e
of strength gain in the first 3 days, among others. Also, the design process for CRCP
should continue through construction and not end as soon as the plans and specifi -
cations are prepared . A more active interaction between design process and actua l
ambient conditions during construction needs to be developed to achieve CRCP
with acceptable cracking patterns . This may require the imposing of guidelines on
acceptable ambient conditions for placing of CRC P

12.5 DESIGN OF RIGID PAVEMENT SHOULDER S

Most of the information presented in Section 11 .4 on the design of flexible pavement
shoulders is also applicable to the design of rigid pavement shoulders . Some of the fea-
tures of rigid pavement shoulders that are different from those of flexible pavemen t
shoulders are presented here .

PCC shoulders have been used in urban expressways for many years, but their
use on rural highways began only in the mid 1960s . The good performance of these
pavements has made it the standard practice of many agencies to utilize PCC shoul-
ders for rigid pavements .

12.5.1 Advantages of Tied Concrete Shoulder s

Concrete shoulders must be tied to the mainline concrete pavements. The advantages
of tied concrete shoulders are as follows :
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1. The placement of a tied concrete shoulder next to the mainline pavement can

substantially increase the load-carrying capacity of the pavement . The tied con-

crete shoulder provides support to the edge of the pavement and reduces stress -
es and deflections in the mainline slab. The shoulder is also benefited by receivin g
support from the mainline slab, so the damage due to encroaching traffic can b e
greatly reduced .

2. A tied longitudinal joint between mainline and shoulder pavements can be easily
sealed to reduce the amount of surface runoff infiltrating into the pavemen t
structure . Field studies conducted in Georgia and Illinois showed that sealing th e
longitudinal joint greatly reduced the amount of inflow from rainfall into th e
pavement structure (Dempsey et al., 1982) .

3. Pumping beneath the mainline slab is reduced through the reduction of edge an d
corner deflections, the reduction of water infiltration through the longitudina l
joint, and the draining of water far away from the traffic lane .

4. Tied concrete shoulders can reduce differential movements at the longitudinal
shoulder joint and do not experience the lane/shoulder dropoff type of distres s
that occurs so frequently in flexible shoulders .

12.5.2 Types of Rigid Pavement Shoulders

As with mainline pavements, three types of shoulder pavements are available : jointed
plain concrete pavement (JPCP), jointed reinforced concrete pavement (JRCP), and con -
tinuous reinforced concrete pavement (CRCP) . Generally, the type of shoulder should
match the type of mainline pavement . However, some exceptions may be accepted :

1. For mainline JPCP, only JPCP shoulders with the same joint spacings as th e
mainline pavement are recommended, because of their low cost . If JRCP shoul-
ders with longer joint spacings are used, the excessive joint movements may
cause problems in the adjacent mainline slabs . All transverse joints should b e
provided with an adequate reservoir and sealed similarly to the mainline joints .

2. For mainline JRCP, either JRCP shoulders that match the mainline pavement i n
design or JPCP shoulders with closer joint spacings may be used.The use of JPCP
shoulders is more cost effective, because no steel reinforcement is needed . They
can be placed at the same time as the JRCP mainline pavement by leaving ou t
the reinforcing steel and cutting transverse joints at shorter intervals .

3. For mainline CRCP, either CRCP shoulders that match the mainline pavement i n
design or JPCP shoulders with short joint spacings may be used . The use of short
joint spacing for JPCP shoulders will reduce potential movements of the joint s
that might cause cracking in the mainline CRCP. The elimination of steel rein-
forcement in the JPCP shoulders can save construction cost .

12.5 .3 Design of Longitudinal Shoulder Join t

Adequate load transfer across the longitudinal shoulder joint must be provided to re -
duce the stresses and deflections in both mainline and shoulder slabs . Tied and keyed
joints have been used most frequently to ensure a high degree of load transfer . Colley
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et al. (1978) investigated load transfers in laboratory slabs constructed with keyed, tied
and keyed, and tied butt joints and concluded that all three were equally effective in
reducing load-induced strains and deflections. However, the use of a keyed joint with -
out tiebars was not recommended, because of the possibility of shoulder joint separa -
tion. The excellent performance of the tied butt joint suggests that this type o f
construction is feasible and can reduce costs . Malleable tiebars of No. 4 or No. 5 size
spaced at 18 to 24 in . (457 to 610 mm) are preferable to stiffer short bars spaced at larg -
er intervals. This will substantially reduce stress concentration and the possibility o f
joint spall in the vicinity of the bar .

When a PCC shoulder is to be constructed adjacent to an existing pavement ,
tiebars can be installed by drilling holes in the edge of the existing slab . This can be
done by using a tractor-mounted drill that can drill several holes at one time . Tiebars
are installed in the holes by using epoxy or cement grout . The bar should be inserte d
into the slab over such a length as to develop sufficient bond . To avoid spalling over the
base, a minimum insertion of 9 in . (229 mm) is required .

In the case of new construction, tiebars can be inserted into the plastic concret e
near the rear of the slip form paver . Bent bars can be installed manually or by mechan -
ical means . The bent portion can be straightened later to tie the shoulder to the main -
line pavement . In addition to tiebars, a keyway can be formed to provide additiona l
load transfer capability.

The longitudinal joint between the traffic lane and the shoulder should be provid -
ed with a sealant reservoir and sealed with an effective sealant . This will minimize the
possibility of foreign materials collecting inside the joint to cause joint spall and reduc e
the amount of water and deicing salts entering into the joint and corroding the tiebars .

12 .5 .4 Shoulder Thickness Desig n

The thickness design concepts presented in Section 11 .4 .3 for flexible pavement shoul-
ders are also applicable to rigid pavement shoulders . One major difference is that th e
inner edge is always more critical for flexible shoulders, because of encroaching traffic ,
but the outer edge can be more critical for rigid shoulders, because of parking traffic .
There is also some question about whether a separately designed shoulder is really
needed . Lokken (1973) reviewed the performance of 16 projects located in 12 state s
and recommended the use of a 6-in . (152-mm) slab with an alternative tapered sla b
varying from roadway pavement depth at the longitudinal joint to 6 in . (152 mm) at the
outside edge of the shoulder . Slavis (1981) reported on the performance review of
these same projects in 1980 and indicated that the vast majority performed extremel y
well . The only notable deficiency identified in the field investigation was some faultin g
in one project due to inadequately covered tiebars . It is impossible to place the tiebars
at the middepth both of a 6-in. (152-mm) shoulder and of a thicker mainline pavement ,
so it was recommended in the 1980 review that the shoulder thickness be equal to th e
mainline slab at the longitudinal joint. This thickness can be used for the entire width
of the shoulder or tapered to 6 in. (152 mm) at the outside edge . The use of the sam e
thickness for both mainline and shoulder pavements is not only easier to construct, es-
pecially in installing the longitudinal joint, but has the further advantages of improvin g
drainage by the elimination of bathtub trench and reducing differential frost heave.
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If it is necessary to use thinner shoulder sections, for economic or other reasons ,
the thickness of the inner edge can be based on the encroaching and parking traffi c
combined, that of the outer edge on the parking traffic alone . The design method used
for the mainline pavement can also be used for the shoulder, except that the traffic o n
the shoulder is much lighter . The following example illustrates how the PCA metho d
can be used for determining the thickness of shoulder . In applying the PCA method t o
real situations, various weights of single- and tandem-axle loads must be analyzed sep-
arately, because each has a different effect on the mode of failure. However, for sim-
plicity, only the 18-kip (80-kN) single-axle loads will be used in the example .

Example 12 .12 :

The outside lane on a heavily traveled highway is subjected to 10 million applications of a n
18-kip (80-kN) single-axle load during the design life . A JPCP shoulder with aggregate interlock
transverse joints is tied onto the traffic lane . Assuming an encroaching traffic of 3 .5%, a parkin g
traffic of 0.02%, a load safety factor of 1 .2, a concrete modulus of rupture of 650 psi (4.5 MPa) ,
and a modulus of subgrade reaction of 100 pci (27 .1 MN/m 3 ), determine the thickness of tied
concrete shoulder by the PCA design method.

Solution: The outer edge of shoulder slab should be designed as aggregate interlock joints
with no concrete shoulder, and the inner edge as aggregate interlock joints with concrete shoul-
der. Parking traffic on the outer edge = 10,000,000 x 0 .0002 = 2000. Total traffic on the inner
edge including both encroaching and parking traffic = 10,000,000 x 0.0352 = 352,000 . Base d
on both fatigue and erosion analyses, the allowable repetitions for several assumed thicknesse s
are tabulated in Table 12 .26.

In the fatigue analysis, the equivalent stress was found from Table 12 .6 for the outer edge
with no concrete shoulder and Table 12 .7 for the inner edge with concrete shoulder . The stress
ratio was computed by dividing the equivalent stress with 650, which is the concrete modulus o f
rupture . The allowable number of repetitions was obtained from Figure 12 .12 . In the erosio n
analysis, the erosion factor was found from Table 12 .9 for the outer edge and Table 12.11 for the
inner edge. The allowable number of repetitions was obtained from Figure 12.13 for the outer
edge and from Figure 12.14 for the inner edge . The single-axle load to be used with the charts is
1 .2 X 18, or 21 .6 kip (96 kN) .

TABLE 12 .26 Computation of Allowable Load Repetitions by PCA Method

Fatigue analysis Erosion analysi s
Assume d
thickness Equivalent Stress Allowable Erosion Allowable

(in .) stress ratio repetitions sfactor repetitions

Outer edge
6.0 411 0 .63 640 3 .40 120,000
6.5 367 0 .56 5000 3 .30 240,000

Inner edge
327 0 .50 52,000 2.95 160,0006. 0

6.5 294 0 .45 200,000 2 .86 320,000
7.0 266 0 .41 1,500,000 2 .77 650,000

Note . 1 in. = 25.4 mm .
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It can be seen from Table 12 .26 that fatigue is more critical for 6 and 6 .5 in. (152 and 165 mm)
slabs, as indicated by the smaller allowable load repetitions compared with the erosion analysis ,
but erosion is more critical for the 7-in . (178-mm) slab . The required thickness is 6 .5 in . (165 mm)
for the outer edge and 7 .0 in . (178 mm) for the inner edge. That fatigue prevails in thin pave-
ments and erosion in thick pavements can be explained by the fact that the edge stress decreas-
es more rapidly than the corner deflection as the thickness increases. Separate calculations also
indicate that the thickness for the mainline slab with aggregate interlock joints is 8 in . (203 mm )
based on fatigue analysis, but 9 in. (229 mm) based on erosion analysis .

The thickness of shoulder can be designed in several ways . The best, but most expensive,
method is to use a uniform slab of 9 in . (229 mm) . Another method is to use 9 in . (229 mm) at th e
longitudinal joint and taper to 6 .5 in . (165 mm) at the outer edge. The last resort is to use a uni-
form thickness of 7 in . (178 mm) . It is not worth the effort to taper the section from 7 to 6 .5 in .
(18 to 165 mm) because the saving is too small .

SUMMARY

This chapter presents several methods for rigid pavement design, including a calibrate d
mechanistic procedure, the Portland Cement Association method, and the AASHT O
method, as well as methods for the design of shoulders .

Important Points Discussed in Chapter 1 2

1. The most nearly ideal design method, still under development, is the calibrate d
mechanistic procedure. As with flexible pavements, it consists of a number of
response and distress models . The environmental response models, such as hea t
transfer, moisture equilibrium, and infiltration and drainage, can be applied to
both flexible and rigid pavements. The structural response model based on the
finite element plate theory and the fatigue cracking model based on the cumula-
tive damage concept are quite advanced, but the other distress models are not ad -
equate and need to be improved .

2. The distress models include fatigue cracking, erosion, faulting, and joint deterio-
ration for JPCP and JRCP, and punchout for CRCP. One major problem of fa-
tigue cracking is how temperature warping should be included in the analysis.
The prospects of developing mechanistic erosion and punchout models ar e
promising, but more work needs to be done to put them into practical use. The
faulting and joint deterioration models currently available are not mechanistic ;
they are empirical regression equations valid only within the data base from
which they were derived .

3. The PCA design method considers the fatigue of concrete caused by the edg e
stress at midslab and the erosion of foundation caused by corner deflection . The
erosion criterion was developed primarily from the results of the AASHT O
Road Test using a specific subbase and might not be applicable to situations
where different types of subbase are used . Generally, the fatigue analysis control s
the design of thinner pavements under lighter traffic, the erosion analysis that o f
thicker pavements under heavier traffic . For pavements carrying a normal mix of
axle weights, single-axle loads will cause more fatigue cracking, and tandem-axl e
loads will cause more erosion damage.
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4. The PCA method considers each load group individually and sums up the dam-

age according to the cumulative damage concept . A slab thickness is assumed ,

and the damage ratios due to both fatigue and erosion are determined . If eithe r

ratio is greater than 1, the thickness is increased every 0 .5 in . (127 mm) until both
ratios are smaller than 1 . The smallest thickness with both damage ratios smaller
than 1 is the thickness to be used . The design variables include modulus of sub -
grade reaction, concrete modulus of rupture, load safety factors, types and weight s
of axle load, types of joint, and types of shoulder .

5. Design tables and charts were developed by PCA via a finite element compute r
program called JSLAB . The program was also used to develop the design chart s
for lean concrete lower course and the tables for equivalent stress under tridem-
axle loads. A simplified design procedure was also recommended by PCA whe n

specific axle load data are not available .
6. The AASHTO design method is based on the empirical equation obtained from

the AASHO Road Test, which is similar in form to the flexible pavement equa-
tion, but has different regression constants. However, two additional terms are
added, one relating to reliability and standard deviation, the other to several de -
sign variables not included in the original equation, such as concrete modulus o f
rupture, concrete modulus of elasticity, drainage coefficient, load transfer coeffi -
cient, and modulus of subgrade reaction . A comparison of results with the PCA
method, as well as with the KENSLABS computer program, indicates that th e
AASHTO equation is unsafe for thin pavements and gives a performance traffic
that is too large .

7. The effective modulus of subgrade reaction k is an equivalent modulus that
would result in the same damage if seasonal k values are used . The equation fo r
evaluating relative damage was derived from the AASHTO equation based o n
the cumulative damage concept . Unlike flexible pavements, the effective k value s
are not much different from the normal summer or fall k values . To avoid the te -
dious method of dividing a year into 12 months, each having a different k value, a
mean normal k value may be used for design purposes . The correlations between
the resilient moduli and k values, as recommended by AASHTO and shown in

Eq. 12 .22 and Figure 12 .18, are questionable and result in a k value that is too

large and does not check with theory.
8. The thickness of CRCP can be designed by the same methods used for JPCP an d

JRCP. Due to the stiffness of steel reinforcement which prevents the concret e
from shrinkage, CRCP will always experience a large number of cracks . The
amount of steel reinforcement should be selected so that the crack spacing lie s
between 3 .5 and 8 ft (1 .1 and 2.4 m), the crack width is less than 0 .04 in . (1 .0 mm) ,
and the steel stress does not exceed 75% of the ultimate tensile strength. Empir -
ical equations and design nomographs are available to predict crack spacing ,
crack width, and steel stress and can be used for design .

9. Concrete shoulders tied onto mainline slabs should be used for concrete pave-
ments. It is preferable that the thickness of shoulders be the same as that of the
mainline pavement for ease of construction, to facilitate drainage, and to provid e

additional lanes for possible future use . This is similar to the use of the same thick-
ness for both inside and outside lanes in the mainline pavement, even though the
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traffic on the inside lane is much lighter . If this cannot be done, at least the thick-
ness at the longitudinal joint should be the same, so that tiebars can be installe d
at the middepth of both mainline and shoulder slabs . The thickness can be ta-
pered to a minimum of 6 in . (152 mm) at the outer edge. The thickness at the out-
side edge can be designed according to the parking traffic .

10. If thinner shoulder sections have to be used due to economic or other reasons,
shoulder slabs should be designed according to the traffic they will carry . The de -
sign methods for mainline pavement can also be applied to the design of shoulde r
pavement . The inner edge of the shoulder slab should be designed for encroach-
ing and parking traffic, the outer edge for parking traffic alone . If the shoulder
might be used as an additional lane for peak hour or detoured traffic, this traffi c
should also be estimated and added to the encroaching and parking traffic at th e
inner edge and the parking traffic at the outer edge .

PROBLEMS
12 .1 A 10-in . concrete pavement without concrete shoulders is placed on an untreated subbas e

having the k value 150 pci . Estimate the allowable corner deflection by the PCA erosio n
criterion if the pavement is subjected to 2 million applications of a given axle load .
[Answer : 0 .0468 in . ]

12 .2 Same pavement as in Problem 12-1, but with concrete shoulders . Estimate the allowable
corner deflection . [Answer : 0 .0318 in . ]

12 .3 Determine the thickness of a concrete pavement for a two-lane highway by the PC A
method. The pavement has doweled joints and no concrete shoulders. The modulus of
subgrade reaction is 200 pci and the concrete modulus of rupture is 650 psi. Assume a load
safety factor of 1 .1 and a design period of 20 years . The average daily traffic during th e
design period is 2500, of which 35% are trucks. Truck weight distribution data for singl e
(S) and tandem (T) loads are tabulated in Table P12 .3 . [Answer: 8 .0 in . ]

TABLE P12 . 3

Axle loads No . axles per Axle loads No. axles per
(kip) 1000 trucks (kip) 1000 truck s

16 S 130.9 24 T 80. 2
18 S 110.8 28T 34 . 4
20 S 65.4 32 T 24 . 0
22 S 15.6 36T 17 . 2
24 S 2.3 40T 16 . 8
26 S 1 .9 44T 10 . 5
28 S 0.9 48T 9 .6

12 .4 A concrete pavement has doweled joints and tied concrete shoulders. Given a concrete
modulus of rupture of 650 psi, a modulus of subgrade reaction of 150 pci, a load safety fac -
tor of 1 .2, a design period of 20 years, an average daily truck traffic of 3460 (excluding al l
two-axle, four-tire trucks) on the design lane during the design life, and an axle load distri-
bution shown by category 3 in Table 12 .13 . Determine the slab thickness by the PCA
method using the procedure similar to the worksheet shown in Figure 12 .15 . Check th e
result by the simplified procedure using Table 12 .15 . [Answer : 8.5 in . versus 8 .0 in.]
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12.5 Same as Problem 12-4, but with no concrete shoulders . Determine the slab thickness by the
regular PCA procedure, and check the result with the simplified procedure. [Answer : 9 .5 in . ]

12 .6 The predicted traffic W18 and the serviceability loss due to frost heave OPSIFH as a func -
tion of time can be expressed by

W18 =5X106 [(1 .04) 1' —1]

APSI FH = 0 .08(Y) 0. 6

in which Y is the time in years. Determine the performance period for a rigid pavement
with the following information : R = 90%, S0 = 0.4, D = 8 in ., APSI = 4 .5 — 2 .5 = 2.0 ,
S~ = 600 psi, Cd = 1 .05, J = 3 .2, Ec = 5 X 10 6 , and k = 100 pci . [Answer: 6 .5 years ]

12.7 Figure P12.7 shows a concrete pavement with the thicknesses and elastic moduli as indi-
cated . Assume a modulus of rupture of 650 psi, a load transfer coefficient of 3 .2, a service-
ability loss from 4 .5 to 2 .0, and poor drainage with 5% of time near saturation . Determin e
the performance traffic by Eq . 12 .21 without the reliability term and check the result b y
the AASHTO design chart . [Answer : 8 .5 X 10 6]

Portland Cement Concrete
E° =4x106 psi 8 in .

Granular Subbase 8 in .
ESB = 30,000 psi

Subgrade MR = 5000 psi

	

FIGURE P12 . 7

12 .8 A 8.5-in . (216-mm) concrete slab is placed directly on a subgrade. The relationship be-
tween the resilient modulus and k value is indicated by Eq . 12.22. The monthly subgrad e
resilient moduli from January to December are 15,900, 27,300, 38,700, 50,000, 900, 1620 ,
2340, 3060, 3780, 4500, 4500, and 4500 psi . Determine the effective modulus of subgrad e
reaction . [Answer : 305 pci]

12.9 Same as Problem 12-8, except that the relationship between the resilient modulus and k
value is indicated by Eq. 5 .7 . Assuming that the concrete has an elastic modulus of
4,000,000 psi and a Poisson ratio of 0 .15 and the subgrade has a Poisson ratio of 0 .45 ,
determine the effective modulus of subgrade reaction . [Answer : 105 pci ]

12 .10 A continuous reinforced concrete pavement using limestone as coarse aggregate is sub-
jected to 107 ESAL. Assume k = 75 pci, Ec = 4 x 10 6 psi, Sc = 650 psi, Cd = 1 .05 ,
J = 2.9, R = 95%, So = 0 .3, OPSI = 2 .0, DTD = 60°F, and wheel load due to construc-
tion traffic = 18,000 lb . Determine the thickness of concrete and the number of No . 5 bars
per 12-ft lane required. [Answer : 9 .5 in . and 18 to 24 bars]

12.11 The mainline pavement and traffic are the same as Problem 12-4 . If dowels are also use d
for the shoulders and the parking traffic is 2% of the mainline traffic, determine the thick-
ness of the outer pavement edge by the PCA method . [Answer: 8 .5 in.]

12.12 The mainline pavement and traffic are the same as Problem 12-4 . If dowels are also used for
the shoulders and the encroaching and parking traffic combined is 2% of the mainline traffic ,
determine the thickness of the inner shoulder edge by the PCA method. [Answer : 7 in .]
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Design of Overlays

13.1 TYPES OF OVERLAY S

As the nation's highways age and deteriorate, some type of treatment is eventually re -
quired to provide a safe and serviceable facility for the users. The types of treatments
can range from simple maintenance to complete reconstruction, depending on the cir -
cumstances . For pavements subjected to moderate and heavy traffic, the most preva-
lent treatment is to place an overlay on the existing pavement . Depending on the types
of overlay and existing pavement, four possible designs may serve : HMA overlays on
asphalt pavements, HMA overlays on PCC pavements, PCC overlays on asphalt pave -
ments, and PCC overlays on PCC pavements .

13 .1 .1 HMA Overlays on Asphalt Pavement s

HMA overlay is the predominant type of resurfacing on asphalt pavements . Design
methods ranging from engineering judgment to mechanistic-empirical procedure s
have been used . If the existing pavement is adequately repaired prior to overlay, a
satisfactory design can usually be achieved . The flexible types of materials used in th e
existing pavement and the overlay allow the elastic layer programs to be applied fo r
design purposes .

13 .1 .2 HMA Overlays on PCC Pavements

Although HMA overlays have been used extensively on PCC pavements, this type o f
overlay is the most difficult to analyze mechanistically because it involves two differen t
types of materials. Theoretically, the finite-element plate programs can be used by con -
sidering HMA as the top layer and PCC as the bottom layer . However, with cracks in
the existing concrete slabs, it is difficult to model the bottom slab . This type of overla y
can also be analyzed by an elastic layer program if the stress adjustment factors fo r
edge and corner loads are known . These factors were obtained by the Austin Research
Engineers, using the discrete element program called SLAB49, and incorporated int o

600
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the Pavement Overlay Design (POD) program developed for the Federal Highway

Administration (Treybig et al., 1977) .
A major problem in the design of HMA overlays on PCC pavements is reflection

cracking, defined as the fractures in an overlay or surface that reflect the crack or join t

pattern in the underlying layer . It is imperative that such cracking be prevented or con -
trolled to provide a smooth riding surface, maintain the structural integrity of the over -
lay, and prevent the intrusion of water into the pavement system . It is generally agree d
that the primary mechanisms leading to the development of reflection cracks in a
HMA overlay on a PCC pavement are the horizontal movement due to temperatur e

and moisture changes and the differential vertical movement due to traffic loadings ,
both occurring at the joints and cracks in the PCC pavement ; the horizontal movement

is considered more critical .
Several methods can be used to minimize the reflection cracking in HMA over -

lays on PCC pavements :

1. Design a thicker HMA overlay.

2. Crack and seat the existing PCC slab into smaller sections .

3. Use a crack relief layer with drainage system .

4. Saw and seal joints in a HMA overlay .

5. Use a stress-absorbing membrane interlayer with an overlay.

6. Incorporate a fabric membrane interlayer with an overlay.

Method 1 may be used if the thickness of overlay to alleviate reflection cracking

is less than 9 in. (229 mm) . Normally, when an overlay approaches the 8- to 9-in . (203-
to 229-mm) range, other methods should be used . Methods 5 and 6 are being used i n
some areas and appear to be effective in reducing reflection cracking . However, the
available documentation on the performance of these interlayers is insufficient fo r

indicating the proper thickness of overlay. Therefore, if method 5 or 6 is considered, the
manufacturers of the interlayer materials should be consulted toward establishing th e

required overlay thickness . Methods 2, 3, and 4 are described below.

Cracking and Seating The crack and seat procedure, sometimes also called "break
and seat" procedure, involves cracking the PCC slab into small segments, seating th e
segments with heavy rollers to eliminate underlying voids, and overlaying the PCC slab

with HMA. The purpose is to create small pieces of concrete, so that slab movement b y
thermal or other causes is minimal, thereby reducing the reflection cracking in th e

HMA overlay. The segments, usually 4 to 6 ft2 (0 .37 to 0.56 m2 ) in size, are still large

enough to have some structural integrity due to aggregate interlock .
In the past, a major problem during the breaking of JRCP slabs has been the dif -

ficulty in rupturing the reinforcing steel . If the fragmented pieces are held together by

the steel, not only is an effective seating not possible, but also, horizontal movements

cannot be reduced . This problem has been solved recently by the availability of ne w

cracking devices that can break the bond between the concrete and the steel.
There have been some controversies on the effectiveness of using cracking an d

seating. A report by FHWA (1987c) based on a review of 22 projects indicated that



602 Chapter 13

	

Design of Overlay s

cracking and seating could reduce reflection cracking during the first few years, but
that after 4 to 5 years the cracking increased and was about the same as that in the con-
trol section without cracking and seating . The structural capacity of the existing pave -
ment is reduced by cracking, and the condition of the crack and seat sections and the
control sections seemed to be the same after some period of time, so the report raise d
questions about the justification for using the cracking and seating method . A recent
study by Kilareski and Stoffels (1990) concurred with the above report that cracking
and seating only delayed, rather than eliminated, the reflection cracking, but disagree d
that cracking and seating reduced the structural capacity . Following are some of their
conclusions :

1. Over the past 30 years, 24 states have experimented with the crack and seat metho d
of overlay and have reported experiences that range from poor to excellent .

2. The crack and seat sections in California exhibited significantly less reflection
cracking than the control sections . The use of a fabric interlayer further reduce d
the quantity of reflection cracking.

3. The crack and seat sections showed significantly less roughness than the corre-
sponding control sections .

4. Analysis of FWD tests showed no significant loss of structural support or de -
crease in the modulus of elasticity on the crack and seat sections .

5. The crack and seat sections experienced significant increases in cracking wit h
age .

6. The crack and seat sections displayed more medium- and high-severity cracking ,
but less total cracking, than the corresponding control sections .

The thickness design of HMA overlays on cracked and seated slabs is considere d
in the Asphalt Institute and AASHTO procedures and is discussed in Sections 13 .3 . 2
and 13 .5 .4 .

Crack Relief Layer The crack relief layer is designed specifically to minimize the re -
flection cracking from the old PCC pavement to the new asphalt overlay . It is placed as
the first course of an overlay system. Typically, the crack-relief layer is a 3.5-in. (90 -
mm) layer of coarse open-graded HMA containing 25 to 35% interconnecting void s
and made up of 100% crushed material . The large proportion of interconnecting void s
provides the crack relief layer a medium through which differential movements of th e
underlying slab are not readily transmitted . The crack relief layer should be connecte d
to a drainage system so that water can be drained out freely .

Before placing the crack relief layer, the existing pavement surface should be pre-
pared so that it is as structurally sound and clean as possible ; a tack coat is generally
required . After the placing of the crack relief layer, a well-graded intermediate leveling o r
binder course from 2 to 4 in. (51 to 102 mm) thick is laid, followed by a dense-grade d
surface course about 1 .5 in . (38 mm) thick . Figure 13 .1 shows a typical cross section o f
overlay with a crack relief layer .

Table 13 .1 gives the gradation recommended for the crack relief layer . Depend-
ing on the availability of the size of aggregate, three different gradings may be used .
The use of a particular mix also should depend on the characteristics of the material
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Dense Graded Wearing Course 1 .5 in,

Well Graded Intermediat e
Binder Course

2-4 in .

Open Graded HMA 3 .5 in . FIGURE 13 . 1

Existing Pavement

	

\ Tack Coat
Typical cross section of overlay with
crack relief layer (1 in. = 25.4 mm) .

TABLE 13 .1 Recommended Grading Limit s
for Crack Relief Layers

Percent passin g

Sieve

	

Mix A

	

Mix B Mix C

3 in .

	

100 —
2in .

	

95-100 100 —
2 in .

	

— — 10 0
1

	

in .

	

30-70 35-70 75-9 0
3 .n.

	

3-20 5-20 50-7 0

s in.

	

0-5
No . 4 — 8-20
No . 8 0. 5
No . 100

	

— — 0. 5
No . 200

	

— 0 .3
Asphalt cement content 1 .5-3.0 %
(AC-40, 40-50 pen ., or AR-16000 )

Note . 1 in. = 25 .4 mm .

Source. After AI (1983) .

used in the existing PCC pavement. Highly expansive PCC pavements, such as thos e

constructed of washed silica gravel or having joint spacings exceeding 20 ft (6 .1 m)
should use mix A or B. Less expansive PCC pavements can be overlaid with mix C .

Sawing and Sealing of Joints Because of the difficulty in eliminating reflection crack -
ing, one method is to control the cracking rather than eliminate it . This is effected b y
sawing a joint above each existing transverse joint immediately after the overlay. The
joints are then sealed and subsequently maintained as typical pavement joints . A re-
cent study by Kilareski and Bionda (1990) on the sawing and sealing of joints resulte d

in the following conclusions :

1. A total of 12 states, mostly in the northeastern part of the country, have used sa w

and seal HMA overlay as a routine rehabilitation procedure . Several states have

prepared specifications and standards for the saw and seal overlay procedure .

States that documented their experiments with sawing and sealing have reporte d

marginal to good results with the technique .

2. The overall documented experience with saw and seal overlay is extremely limited .
Information is generally lacking concerning measured field performance, traffic ,
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existing pavement condition, and characterization of the existing pavement in
terms of joint width, load transfer efficiency, crack spacing, joint and crack open -
ing under known temperature changes, and load deflection .

3. An important step in the construction process is to locate the saw cut above th e
existing joint properly. Secondary reflection cracking can occur unless the saw cut
is made within 1 in . (25 mm) from the existing joint .

4. Saw and seal sections with thick overlay, say 5 in . (127 mm), performed better
than sections with thin overlay, say 2 .5 in . (64 mm), and had less roughness and
reflection cracking .

5. If properly constructed, sawed and sealed joints in a HMA overlay of jointe d
PCC pavement can reduce the adverse effect of reflection cracking and exten d
the pavement life . A comparison between control sections and saw and seal sec -
tions for 15 pavement projects showed that saw and seal sections reduced pave -
ment roughness by 20% and transverse reflection cracking by 64% .

13 .1 .3 PCC Overlays on Asphalt Pavements

The use of PCC overlays on asphalt pavements is somewhat uncommon . However ,
they have been used very successfully in the United States and other countries . Thi s
method can be used if the vertical clearance does not pose a problem. It can be cost ef -
fective if the asphalt pavement is severely distressed and must be used only as a foun -
dation for the PCC overlay. The design procedure is similar to that of new pavement s
and uses the existing pavement as the foundation. The finite-element plate program s
can be used for the mechanistic method of design . To prevent reflection cracking, al l
cracks of high severity in the existing asphalt pavement should be repaired and sealed .
Because the existing asphalt pavement can be considered a nonerodible subbase, onl y
fatigue cracking need be considered for determining the thickness of overlay required .

13 .1 .4 PCC Overlays on PCC Pavements

Three types of PCC overlay may be used for PCC pavements : unbonded, bonded, and
partially bonded . Mechanistic designs can be carried out via the finite-element plat e
programs, in which somewhat lower elastic modulus should be specified for the ol d
concrete, depending on the conditions of the existing pavement .

Unbonded or Separated Overlay Unbonded overlays are typically placed on pave-
ments that are badly cracked . Prior to the overlay, the surface of the existing pavement
must be cleaned of debris and excess sealing materials. A separation layer, usually con-
sisting of HMA or sand asphalt of less than 2 in . (51 mm) thick, is then placed betwee n
the new overlay and the existing pavement to prevent reflection cracking . The separa-
tion layer can also serve as a leveling course so that a more uniform thickness of con -
crete can be obtained . In applying the finite-element plate programs, the plate is
considered as two unbonded layers and the effect of separation layer is ignored .

Unbonded overlay may be plain, reinforced, continuously reinforced, or prestresse d
concrete. It is not necessary to match the location or type of joints in the overlay with thos e
in the existing pavement. The minimum thickness of unbonded overlay is 6 in . (152 mm) .
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Bonded or Monolithic Overlay Bonded overlays should be used only when the existing
pavement is in good condition or when serious distress has been repaired . To achieve a
fully bonded overlay, it is necessary to carefully prepare the existing surface before plac -

ing the overlay. All oil, grease, paint, and surface contaminants must be removed by col d
milling, sandblasting, or waterblasting . Then a thin layer of cement grout should be
placed on the cleaned dry surface just in front of the concrete paver . A liquid epoxy resin
of low viscosity may also be used as a bonding agent . The finite-element plate program s
with two bonded layers can be used for the design of bonded overlays .

Irrespective of the type of existing PCC pavements, plain concrete is the mos t
commonly used bonded overlay, although steel reinforcements may be used in thicke r

overlays to supplement the steel in the existing pavements . The location of the joints in
the overlay must match that in the existing pavement . Use of dowel bars in bonded and
partially bonded overlays is not recommended, because it could produce localized fail -
ures in the overlay directly above the dowel and could also cause the overlay t o
debond. For use over continuously reinforced pavements, the bonded overlay does not
require the installation of joints .

Partially Bonded or Direct Overlay Partially bonded overlays are obtained when th e
fresh concrete is placed directly on relatively sound and clean existing slabs . Unless
steps are taken to prevent bond, some degree of bonding can be assumed, so the over -
lay can be designed slightly thinner than unbonded overlays to take advantage of the
resulting stress reduction.

If the existing pavement is jointed, a joint should be placed immediately abov e

the existing joint to prevent reflection cracking. It is also important to keep the join t
spacing of a partially bonded overlay as short as possible by providing additional joint s

in the overlay to minimize temperature stresses caused by the stiff underlying slabs .

13.2 DESIGN METHODOLOGIE S

A variety of methods have been used by various agencies for the design of overlays .
Prior to 1960, most agencies relied heavily on engineering judgment and experience i n

determining the thickness and type of overlay required . Since 1960, the use of nonde-
structive deflection testing has gained wide acceptance, and more rational method s

based on deflection measurements to evaluate the in-situ pavement conditions hav e
been gradually developed . As in the design of new pavements, most agencies now hav e
their own methods for the design of overlays . Usually the procedure for the design o f
the overlay is similar to that for new pavement, except that the condition or remainin g
life of the existing pavement at the time of overlay is taken into consideration . By con -
sidering the existing pavement as new or as having 100% remaining life, the overlay
design method can be applied to the design of new composite pavements as well . In
this section, the basic concepts on overlay design are presented . Details about Al ,
PCA, and AASHTO design methods are described in subsequent sections .

Three methods can be used for overlay design : the effective thickness approach ,

the deflection approach, and the mechanistic–empirical approach . No matter what
method is used, it is important to make a pavement condition survey and to subdivide
the proposed project into one or more homogeneous analysis sections based on age,
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traffic, design, and pavement conditions. Major distress in the existing pavement must
be properly repaired before the placing of the overlay . If more than one analysis sec-
tion is identified, practical construction and cost considerations must be used to decid e
whether separate overlay designs should be developed for each analysis section or
which sections should be combined .

13 .2 .1 Effective Thickness Approac h

The basic concept of this method is that the required thickness of the overlay is the dif-
ference between the thickness required for a new pavement and the effective thicknes s
of the existing pavement :

	

hoL = hn – he

	

(13 .1 )

Here, hoL is the thickness of the overlay, hn is the thickness of the new pavement ,
and h e is the effective thickness of the existing pavement . The procedure assumes that ,
as the pavement deteriorates and uses part of its total life, it behaves as if it were an in -
creasingly thinner pavement (i .e., its effective thickness accounts less and less for th e
expended portion of the total life) . Because the effective thickness is based on the type ,
condition, and thickness of each component layer, this method is also called the com -
ponent analysis procedure. All thicknesses of new and existing materials must be con -
verted into an equivalent thickness of HMA or PCC based on their types an d
conditions . If the overlay is HMA, all thicknesses in Eq . 13 .1 are expressed in terms of
HMA. If the overlay is PCC, all thicknesses are expressed in terms of PCC . This
method is used by the Asphalt Institute, as described in Section 13 .3 .1, and by AASHTO,
as described in Section 13 .5 .

A modified version of Eq . 13 .1 was developed by the U.S . Corps of Engineers for
the design of PCC overlays on PCC airport pavements . The equation, which was base d
on the results of full-scale traffic tests, is shown by Eq . 13 .2 :

	

hoL = hn — Chi

	

(13.2)

in this equation, h e is the thickness of the existing pavement, which is different from th e
effective thickness shown in Eq . 13 .1 ; n = 2 for unbonded overlays, 1 .4 for directly
placed overlays, 1 for fully bonded overlays; and C is a condition factor with suggeste d
values as follows :

C = 1.0 for existing pavement in good overall structural conditions with little o r
no cracking ;

C = 0.75 for existing pavements with initial transverse and corner cracking du e
to loading but without progressive structural distress or recent cracking ;

C = 0 .35 for existing pavement that is badly cracked or shattered structurally .

For bonded overlays with n = 1 and C = 1, Eq . 13 .2 is identical to Eq . 13 .1 in
form. Because h e in Eq. 13 .2 is the existing thickness rather than the effective thick-
ness, the application of the Eq . 13 .2 for bonded overlays with n = 1 and C = 1 implie s
that the concrete in the existing pavement has suffered no fatigue or other damage due
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to traffic or weathering and is therefore as strong as the concrete in a new pavement .

This assumption is contrary to the remaining life concept currently being used for the
design of highway overlays .

13 .2.2 Deflection Approac h

The basic concept of this method is that larger pavement surface deflections imply
weaker pavement and subgrade and thus require thicker overlays . The overlay must b e

thick enough to reduce the deflection to a tolerable amount . Usually, only the maxi-

mum deflection directly under the load is measured . This approach should not be con-
fused with the estimate of in-situ material properties from multisensor deflectio n
measurements for use in the effective thickness and the mechanistic-empirical meth -

ods. The deflection method is based on the empirical relationship between pavement
deflection and overlay thickness and has been used by the Asphalt Institute (AI, 1983) ,
the California Department of Transportation (1979), the Roads and Transportation
Association of Canada (1977), and the Transport and Road Research Laboratory o f

Great Britain (Kennedy and Lister, 1978) . Only the Asphalt Institute method is
presented in Section 13 .3 .

13.2 .3 Mechanistic-Empirical Approac h

Similar to the design of new pavements, this method requires the determination of crit -
ical stress, strain, or deflection in the pavement by some mechanistic methods and th e
prediction of resulting damages by some empirical failure criteria . First, the condition
or remaining life of the existing pavement must be evaluated . Based on the pavemen t
condition or remaining life, the thickness of the overlay is then determined so that th e

damages in either the existing pavement or the new overlay will be within the allow-

able limits. This mechanistic design procedure has been used by PCA for the design o f

PCC overlays on PCC pavements, as described in Section 13 .4 .
The failure criteria that have been used most frequently for the design of flexibl e

overlays are fatigue cracking and permanent deformation, but only fatigue cracking i s
considered for rigid overlays. The erosion criterion is usually not considered for the de -
sign of PCC overlays, because of the large increase in pavement thickness and the us e

of existing pavement as a nonerodible foundation . The following procedure can b e
used if the existing pavement has remaining fatigue life, as indicated by

m

< 1
i=i

Nc

in which nl is the actual number of load repetitions for the ith load group, N i is the
allowable number of load repetitions for the ith load group, and m is the number of

load groups. If the existing pavement has no remaining life, the overlay should be con -
sidered as the top layer of a two-layer system with a modulus of subgrade dependin g
on the conditions of the existing pavement .

Fatigue Cracking For ease of illustration, it is assumed that the design is based on the

equivalent single-axle load . The method can be applied equally to various axle loads b y

(13 .3)
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using the cumulative damage concept and summing the damage ratios over all loa d
groups. First, the remaining life of existing pavement is estimated b y

nr

	

n e
—

Na

	

Na

in which n r is the additional number of load repetitions that can be applied to th e
existing pavement after the overlay, Na is the allowable number of load repetition s
on the existing pavement before overlay, and ne is the actual number of load repeti -
tions on the existing pavement before overlay. Next, based on the tensile stress o r
strain at the underside of the existing layer after the overlay, the allowable numbe r
of load repetitions on the overlaid pavement is determined. Because the existin g
pavement is not new and has a remaining life of n r/Na , the allowable repetition s
must be multiplied by the ratio nrlNa to obtain the allowable repetitions after th e
overaly.

If the overlay and existing pavements are not bonded, the fatigue damage in the
new overlay should also be checked .

Permanent Deformation It is assumed that the existing rut, if any, will be filled an d
that the development of rutting has nothing to do with the previous traffic but will be a
function only of the additional traffic to be applied on the new pavement structur e
with the overlay. If the vertical compressive strain at the top of the subgrade is used t o
control the permanent deformation, the strain on the subgrade prior to the overlay is
ignored, and only the strain after the overlay is used to determine the additional traffi c
allowed .

Example 13 .1 :

An asphalt overlay is placed on an existing asphalt pavement that has been subjected to a n
ESAL of 7 x 106 . The horizontal tensile strain at the bottom of the asphalt layer is 1 X 10 -4 be -
fore the placement of overlay, 7 x 10-5 after the overlay. By using the Asphalt Institute fatigue
criteria and assuming an elastic modulus of 5 x 10 5 psi (3 .5 GPa) for the HMA, determine the
allowable number of ESAL on the overlaid pavement .

Solution: From Eq . 11 .6, the allowable number of repetitions on the existing pavement Na =
0 .0796 X (0 .0001)-3291 x (500,000) -0854 = 15,677,000. From Eq. 13 .4, n rlNa = 1 — 7,000,000 /
15,677,000 = 0 .553 . The allowable number of repetitions on the overlaid pavement =
0 .553 x 0.0796 x (0.00007)-3291 x (500,000) -0 .854 = 2 .8 x 10 7 .

13.3 ASPHALT INSTITUTE METHO D

Separate design procedures are used for asphalt overlay on asphalt pavement and as -
phalt overlay on concrete pavement . The design procedures are illustrated by a num -
ber of examples. Most of these examples are the same as those presented by th e
Asphalt Institute (AI, 1983), with only slight modifications.

(13.4)
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13.3.1 Asphalt Overlay on Asphalt Pavement

Two methods are available: the effective thickness method and the deflection method .

The effective thickness method is based on the condition of existing pavement at th e
time of overlay without the necessity of conducting deflection tests .

Effective Thickness Method To determine the effective thickness of existing pave-
ment in terms of HMA thickness, one or more conversion factors must be found . If the
existing pavement is full depth, method 1, based on the Present Serviceability Index
(PSI) of the existing pavement, can be used to determine the conversion factor . Other-
wise, method 2, based on the condition of each individual layer, should be used t o

determine the conversion factor of each layer .

Method 1 Figure 13 .2 gives the conversion factors C (for full-depth asphalt
pavements) based on the PSI of an existing pavement at the time of overlay . The two
curves in the figure reflect the difference in performance after the placement of over -

lay. The upper curve, line A, represents pavements with a reduced rate of change i n
PSI, compared to their rate of change before overlay . The lower curve, line B, repre-
sents a projected rate of change in PSI about the same as before overlay and therefor e

is somewhat more conservative. The choice between the two curves is largely a matter

of judgment and experience.
The conversion factors shown in Figure 13 .2 are applicable only for HMA. I f

emulsifed asphalt mixes are used, the equivalency factors shown in Table 13 .2 should
be used . The effective thickness of each existing layer is calculated by multiplying th e
actual thickness of each layer by the product of the conversion factor and the appro-
priate equivalency factor . The total effective thickness is obtained by summing the
individual effective thicknesses of all pavement layers :

n

he = E hiCiEi

	

(13.5)
i= 1

Here, hi , Ci , and Ei are the thickness, conversion factor, and equivalency factor of laye r
i and n is the total number of layers.

0 . 9

0 . 7

0 .5

1 . 53 .5

	

3 .0

	

2 .5

	

2 . 0

Present Serviceability Inde x

FIGURE 13 . 2

Conversion factors for full depth pavements. (After AI (1983) .)
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TABLE 13 .2 Equivalent Factors for Emulsified Asphal t
Base s

Material type

	

Equivalency factor (E )

Hot mix asphalt 1.00
Type I emulsified asphalt base 0.95
Type II emulsified asphalt base 0.83
Type III emulsified asphalt base 0.5 7

Source. After AI (1983)

Example 13 .2 :

A full-depth asphalt pavement consisting of a 2-in . (51-mm) HMA and a 6-in . type II emulsifie d
asphalt base course is to be overlaid . Even though there are cracks on the surface, the cracks ar e
not open, and the pavement appears to be stable . The pavement has a PSI of 2 .0 . Determine its
effective thickness .

Solution: From Figure 13 .2, C = 0 .7 when based on line A, but 0.6 when based on line B .
From Table 13 .2,E=0.83 . From Eq. 13 .5, h e = 2 x 0 .7 x 1 + 6 x 0 .7 x 0 .83 = 4 .9 in . (124
mm) when based on line A, but he = 2 x 0 .6 x 1 + 6 X 0 .6 X 0 .83 = 4 .2 in . (107 mm) when
based on line B. If average Cis used, h e = 4 .6 in . (117 mm) .

Method 2 In this method, the condition of each individual layer is evaluated ,
and the appropriate conversion factor C is selected from Table 13 .3 . As in Eq . 13 .5, the
effective thickness is computed as

n

h e =

	

h i C i

	

(13.6)
i= 1

Method 2 can also be used for full-depth pavements . If the PSI is known, it is sug-
gested that both methods 1 and 2 be used and the two results compared . Although the
ranges in values shown in Table 13 .3 are based on subjective analysis, experience ha s
shown that they are reasonable and are useful for overlay design .

Example 13 .3 :

Determine the effective thickness of a pavement consisting of a 4-in . (102-mm) HMA
surface, a 6-in . (152-mm) cement-stabilized base, and a 4-in . (102-mm) untreated
crushed-gravel subbase. The surface shows numerous transverse cracks and consider-
able alligator cracking in the wheelpath . The cement-stabilized base shows signs o f
pumping and loss of stability along the pavement edges, and the crushed-gravel sub -
base is in good condition, with a plasticity index smaller than 6 .

Solution: The material classification for HMA surface is V(a) in Table 13 .3 . Because ther e
are considerable transverse and alligator cracks, a lower bound of 0 .5 is selected for C. The
cement-stabilized base is classified as IV(c) . Because there are signs of pumping and loss of sta -
bility, a lower bound of 0 .3 is selected for C. The crushed-gravel subbase is classified as II .
Because it is in good condition, with PI less than 6, an upper bound of 0 .2 is selected for C. From
Eq. 13 .6, h e = 4 x 0.5 + 6 x 0 .3 + 4 x 0 .2 = 4 .6 in . (117 mm) .
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TABLE 13 .3 Conversion Factors for Determining Effective Thicknes s

Classification

	

Description

	

Conversion
of material

	

of material

	

factorsa

(a) Native subgrade in all cases .

	

0 .0
(b) Improved subgrade, predominantly granular materials, may contai n

some silt and clay but have P.I . of 10 or less.
(c) Lime-modified subgrade constructed from high-plasticity soils, P.I.

greater than 10.
II

	

Granular subbase or base, reasonably well-graded, hard aggregates with

	

0 .1—0 .2
some plastic fines and CBR not less that 20 . Use upper part of range if
PI. is 6 or less ; lower part of range if P.I . is more than 6.

III

	

Cement or lime-fly ash stabilized subbases and bases constructed from

	

0 .2—0 .3
low plasticity soils, PI. of 10 or less.

IV

	

(a) Emulsified or cutback asphalt surfaces and bases that show extensive

	

0 .3—0 .5
cracking, considerable raveling or aggregate degradation, appreciabl e
deformation in the wheelpaths, and lack of stability.

(b) Portland cement concrete pavements (including those under asphal t
surfaces) that have been broken into small pieces 2 ft (0 .6 m) or
less in maximum dimension prior to overlay construction . Use uppe r
part of range when subbase is present, lower part of rang e
when slab is on subgrade .

(c) Cement or lime-fly ash stabilized bases that have developed pattern
cracking, as shown by reflected surface cracks . Use upper part of
range when cracks are narrow and tight, lower part of range wit h
wide cracks, pumping, or evidence of instability .

V

	

(a) Asphalt concrete surface and base that exhibit appreciable cracking

	

0 .5—0 .7
and crack patterns.

(b) Emulsified or cutback asphalt surface and bases that exhibit some
fine cracking, some reveling or aggregate degradation, and sligh t
deformation in the wheelpaths but remain stable .

(c) Appreciably cracked and faulted portland cement concrete pavemen t
(including such under asphalt surfaces) that cannot be effectivel y
undersealed . Slab fragments, ranging in size from approximatel y
10 to 40 ft2 (1 to 4 m2), and have been well seated on the subgrad e
by heavy pneumatic-tired rolling .

VI

	

(a) Asphalt concrete surfaces and bases that exhibit some fine cracking,

	

0.7—0 .9
have small intermittent cracking patterns and slight deformation in th e
wheelpaths but remain stable .

(b) Emulsified or cutback asphalt surface and bases that are stable ,
generally uncracked, show no bleeding, and exhibit little deformatio n
in the wheelpaths.

(c) Portland cement concrete pavements (including such under asphal t
surfaces) that are stable and undersealed, have some cracking but
contain no pieces smaller than about 10 ft2 (1 m2 ) .

VII

	

(a) Asphalt concrete, including asphalt concrete base, generally uncracked,

	

0 .9—1 .0
and with little deformation in the wheelpaths .

(b) Portland cement concrete pavement that is stable, undersealed ,
and generally uncracked .

(c) Portland cement concrete base, under asphalt surface, that is stable ,
nonpumping, and exhibits little reflected surface cracking .

'Originally meeting minimum strengths and compaction requirements specified by most state highway departments .
Source . After AI (1983) .
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Calculation of Overlay Thickness The required overlay thickness is the differ-
ence between the required thickness of a new full-depth pavement and the effectiv e
thickness of the existing pavement, as is shown by Eq . 13 .1 . The thickness of the new
pavement can be determined from the design chart for full-depth pavements presente d
in Figure 11 .11 .

Example 13 .4 :

The existing pavement shown in Example 13 .3 has a subgrade resilient modulus MR of
10,000 psi (6 .9 MPa) . Determine the thickness of overlay required to carry an ESAL o f
3 x 10' .

Solution: From Example 13 .3, he = 4 .6 in . (117 mm) . With MR = 10,000 psi (6 .9 MPa) and
ESAL = 3 x 10 6 , from Figure 11 .11, h„ = 10 .6 in. (269 mm). From Eq . 13 .1, the thickness of
overlay required is hoL = 10 .6 – 4.6 = 6 in . (152 mm) .

Deflection Method Pavement deflections are measured with the Benkelman bea m
by using a rebound test procedure. Condition survey and deflection data are used to
establish the analysis section . At least 10 deflection measurements should be mad e
for each analysis section, or else a minimum of 20 measurements per mile (13 mea-
surements/km). Pavement temperatures are measured at the time of deflection mea-
surements so that deflections can be adjusted to a standard temperature of 70° F
(21°C) . A random sampling technique is recommended for selecting the locations o f
deflection measurements .

Representative Rebound Deflection When the deflection tests on the analysi s
section are completed, the recorded pavement rebound deflections are used to deter -
mine a representative rebound deflection (RRD) :

Srrd = (S + 2s)Fc

	

(13 .7 )

In this equation, 8 rrd is the representative rebound deflection, 8 is the mean deflection,
s is the standard deviation, F is the temperature adjustment factor, and c is the critica l
period adjustment factor . The use of two standard deviations above the mean implie s
that 97% of the measurements are smaller than 8 rrd. Locations within the analysis sec-
tion with deflections greater than 8rrd are recommended for special treatment . It is sug-
gested that additional deflections be measured to determine the extent of such wea k
areas . These locations could require replacement before overlay .

Figure 13 .3 gives the temperature adjustment factors for various thicknesses o f
dense-graded aggregate bases . A base thickness of 0 in. corresponds to a full-depth as -
phalt pavement . Temperatures have their greatest effect on full-depth pavements ; the
effect decreases as the thickness of granular base increases .

The critical period is the interval during which the pavement is most likely to b e
damaged by heavy loads. In frost areas, this will normally be the period during or di-
rectly after the spring thaw. If the deflection measurements are made during the criti -
cal period, the adjustment factor c is equal to 1 . If deflections are not measured in the
critical period, c is greater than 1 and can be determined from a continuous record of
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FIGURE 13 . 3
Temperature adjustment factors fo r
various thicknesses of untreated
granular bases (1 in . = 25 .4 mm,
1°F = 0 .56°C) . (After AI (1983) . )

measured deflections for a similar pavement . If no record of comparable deflectio n
data is available, c should be selected by means of engineering judgment .

Example 13 .5 :

A series of deflection measurements by a Benkelman beam were made on a full-dept h
pavement during a critical period at pavement temperature of 55°F (13 .3°C) . The mea -
sured deflections are 0 .033, 0 .035, 0 .040, 0 .025, 0 .028, 0 .026, 0 .020, 0 .035, 0 .034, and 0 .02 7
in . (0 .84, 0.89, 1 .02, 0.64, 0 .71, 0.66, 0 .51, 0 .89, 0 .86, and 0 .69 mm). Compute the repre -
sentative rebound deflection and .

Solution : 8 = (0.033+0.035+0.040 + 0.025 + 0 .028 + 0.026 + 0.020 + 0 .035 + 0.034 +
0 .027)/10 = 0 .030 in. (0.77 mm) . From Eq. 10.9, V[5] = [(0 .033 – 0.030) 2 + (0.035 –
0.030) 2 + (0 .040 – 0.030) 2 + (0 .025 – 0 .030) 2 +(0.028–0 .030) 2 + (0 .026 – 0 .030)2 + (0 .020 –
0 .030) 2 + (0.035 – 0 .030) 2 + (0 .034 – 0 .030) 2 + (0 .027–0.030) 21/(10 – 1) = 3 .66 x 10 —5 in2
(0.024 mm2 ), or s = 0 .006 in . (0 .15 mm) . At pavement temperature of 55°F (13 .3°C) and with -
out an untreated aggregate base, from Figure 13 .3, the temperature adjustment factor F = 1 .38 .
During the critical period, c = 1 . From Eq. 13.7, 8rrd = (0 .030 + 2 x 0.006) x 1 .38 x
1 = 0.058 in . (1 .47 mm) .

Deflection After Overlay In developing the design procedure, the overlai d
pavement was considered as a two-layer system with the HMA overlay as layer 1
and the existing pavement as layer 2 (Finn and Monismith, 1984) . The representa-
tive rebound deflection and was used to determine the modulus of layer 2 . By as-
suming the existing pavement to be a homogeneous half-space with a Poisson rati o
of 0 .5, from Eq . 2 .8,

1 .5ga

S rrd
(13 .8)
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in which q is the contact pressure, assumed to be 70 psi (483 kPa), and a is the radius o f
the equivalent single loaded area to represent the load on dual tires, assumed to be 6 . 4
in . (163 mm) . The expected deflection after overlay is called the design rebound deflec-
tion Sd and can be determined from the approximate equatio n

8

	

1.E2a({1
— [1 + 0 .8(_)

o .s j -
d —

	

a

	

E l/

hi ( i y/3]2 os
+{1+[O.Sa E2 (13.9)

in which h 1 is the thickness of the overlay and E l is the modulus of the overlay,
assumed to be 500,000 psi (3 .5 GPa) .

Overlay Thickness Design It is assumed that there is a unique relationship betwee n
design rebound deflection in inches and the allowable ESAL, as shown in Figure 13 .4 and
represented by

8 d = 1.0363 (ESAL) -° 2438

	

(13 .10)

Given the ESAL for the overlay, 8 d can be determined from Eq . 13 .10 . Given the
representative rebound deflection 8 rrd, E2 can be obtained from Eq . 13 .8 . With 8d and
E2 known and values of q, a, and El assumed, the thickness of overlay h 1 can be com-
puted from Eq . 13 .9 . Figure 13 .5 shows the design chart relating ESAL and 8 rrd to over-
lay thickness .

10 4

	

105

	

106

	

10 7

	

10 8

Equivalent 18 kip Single Axle Load, ESAL

FIGURE 13 . 4

Relationship between design rebound deflection and ESAL (1 in . = 25 .4 mm) . (Afte r
AI (1983) )
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Example 13 .6 :

By the Asphalt Institute method, determine the allowable ESAL for a 2-in . (51-mm)
overlay on an asphalt pavement with a representative rebound deflection 8rrd of 0 .062 in .
(1 .57 mm) .

Solution: Based on Eq . 13 .8 and the parameters assumed by the Asphalt Institute, E2
1 .5 x 70 x 6 .4/0 .062 = 10,840 psi (74 .8 MPa) . From Eq. 13 .9 ,

1 .5x70x6
.4({i

	

(2)2-0s 10,84 0
Sd

	

10,840

	

- 1 + 0.8 6
.4 ] } 500,000

+ 1 + 0.8 x 2
500,000 v3

	

0.s

	

0 .04621 in . (1.17 mm )
{

	

6.410,840)
]21 )

-

From Eq . 13 .10, 0 .04621 = 1 .0363 (ESAL) -o2438 or ESAL = 347,000, which checks with th e
value obtained from Figure 13 .5.

Remaining Life Figure 13 .4 or Eq. 13.10 can also be used to estimate the remaining
life of an existing pavement—how much time remains before an overlay is needed . The
procedure is as follows :

1. Determine the representative rebound deflection 8rrd .
2. Obtain remaining life (ESAL), from Figure 13 .4 by assuming 8 rrd to be the design

rebound deflection 8d . A more convenient method is to use Eq . 13 .10, which can
be rewritten as

(1.0363 4.101 '
(ESAL), =	 	 (13 .11 )

6rr d

in which 8rrd is in inches .

ESAL
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FIGURE 13 .5
5,000

Overlay thickness design chart based
on representative rebound deflectio n
and design ESAL (1 in . = 25 .4 mm) .
(After AI (1983))
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3. Estimate the design ESAL for the current year (ESAL)o, and determine th e
growth factor by

(ESAL) r
Growth factor = (ESAL)o

	

(13.12)

4. Estimate the traffic growth rate in percent, and find the design period corre-
sponding to the growth factor from Table 6 .13 . The design period is the estimated
number of years before an overlay is needed .

Example 13 .7 :

Given (ESAL)o = 68,000 for the current year, 8 rrd = 0.042 in . (1 .07 mm), and traffi c
growth rate = 4%, estimate number of years before overlay .

Solution: From Eq . 13 .11, (ESAL), _ (1 .0363/0 .042)41017 = 513,000 . From Eq . 13 .12, growt h
factor = 513,000/68,000 = 7 .54 . From Table 6 .13, estimated time before overlay = 6 .5 years .

13.3.2 Asphalt Overlay on PCC Pavemen t

As with asphalt overlays on asphalt pavements, both effective thickness and deflection
methods are available for asphalt overlays on PCC pavements.

Effective Thickness Method The procedure is the same as for asphalt overlays on as-
phalt pavements, and the conversion factors for existing PCC pavements are als o
shown in Table 13 .3 . However, there are certain distresses peculiar to rigid pavement s
that should be considered in design . Among the signals of distress to look for ar e
pumping, cracking, spalling, faulting, and slab movement under traffic. Also, if the
pavement is to be either undersealed or cracked and seated prior to overlay, this plan
should be considered in selecting the proper conversion factor from Table 13 .3 . Thi s
component analysis procedure also can be applied to PCC pavements that have previ-
ously been overlaid with asphalt .

Example 13 .8 :

Given a design ESAL of 2 X 10 6 , design an asphalt overlay for a pavement consisting of
8 in . (203 mm) of jointed PCC slabs and 4 in . (102 mm) of sand—gravel subbase. The rigid
pavement is appreciably cracked and faulted, but the slab fragments have been broke n
and well seated on the subbase by heavy rollers prior to overlay . The sand—gravel subbas e
is of average quality. The subgrade has a resilient modulus of 8000 psi (55 MPa) .

Solution : From Table 13.3, the PCC is classified as V(c) with a conversion factor of 0 .5, and the
sand—gravel subbase is classified as II with a conversion factor of 0 .15 . From Eq. 13 .6, h e =
8 x 0 .5 + 4 x 0.15 = 4 .6 in . (117 mm) . With ESAL = 2 x 1 06 and MR = 8000 psi (55 MPa) ,
from Figure 11 .11, a 10 .2-in . (259-mm) full-depth pavement is required . Therefore, thickness of
overlay = 10 .2 — 4.6 = 5 .6 in . (142 mm), and the use of 5 .5 in . (140 mm) should be adequate.

Deflection Method The deflection procedure presented by the Asphalt Institute empha-
sizes the identification and repair of distress areas prior to overlay. Pavement condition
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surveys in conjunction with deflection testing are helpful in identifying distress condi -
tions. For two-lane highways, deflection measurements are made on the outside edge o n
both sides of the center line. For divided highways, deflections should be measured on th e
outermost edge only. Additional deflection measurements should be made at corners ,
joints, cracks, and deteriorated pavement areas to determine load transfer capability .

Allowable Deflections For JPCP and JRCP, vertical deflections at the joint s
are most important . As measured by the Benkelman beam, the differential deflection ,
wl — Wr , should be less than 0 .002 in . (0.05 mm), and the mean deflection ,
(wt + wr )/2 should be less than 0 .014 in . (0 .36 mm). Measurements of these deflec-
tions are shown in Figure 13 .6a . Stabilization and undersealing are required if thes e
criteria are not met .

Studies on CRCP indicate that Dynaflect deflections of 0 .0006 to 0 .0009 in . (15 to
23 pm) or greater lead to excessive cracking and deterioration . If the critical deflection
w, shown in Figure 13 .6b, exceeds 0 .0006 in . (15 µm), undersealing or stabilization i s
required .

Dense-graded HMA can reduce deflections by 5%/in . (0 .2%/mm). However, thi s
varies with the mix type and the environmental conditions and may be as high as 10 t o
12%/in . (0 .4 to 0 .5%/mm) . If the deflection analysis indicates a desired reduction o f
50% or more, overlays should not be used alone . It is more economical to reduce de-
flections by applying undersealing in conjunction with the overlay.

Overlay Thickness Design Chart Figure 13 .7 is a design chart for selecting th e
thickness of an asphalt overlay over PCC pavements . The thicknesses of HMA were se -
lected to minimize the reflection cracking by considering the effect both of the hori-
zontal tensile strains and of the vertical shear stresses . In this procedure, overlay
thicknesses are related to slab length and mean annual temperature differential, which
is the difference between the highest normal daily maximum temperature and the low -
est normal daily minimum temperature for the hottest and coldest months, based on a
30-year average. Maximum and minimum daily temperatures at locations throughou t
the United States can be found in MS-17 (AI, 1983) . An abbreviated table for maxi -
mum annual temperature differential is presented in Table 13 .4 .

(a) Jointed Reinforced Concrete Pavement

	

(b) Continuous R . C. Pavement

FIGURE 13 .6
Deflections to be considered in overlay thickness design .
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Thickness design chart for asphalt overlays on PCC pavements . (After AI (1983) . )

The overlay thickness chart is divided into three sections, designated as A, B, an d
C, according to slab lengths and temperature differentials . In section A, a minimum
thickness of 4 in . (100 mm) is recommended . This thickness should reduce the deflec-
tion by an estimated 20% . The overlay thickness of sections B and C may be used a s
given. However, the overlay thicknesses may be reduced if the PCC slabs are short-
ened by cracking and seating to reduce temperature effects . In section C, the thick-
nesses range upward to 8 .5 in . (215 mm) . Normally, when an overlay approaches the
8- to 9-in . (200- to 225-mm) range, other alternatives should be considered . Note tha t
alternative 2 indicated in Figure 13 .7 is crack and seat and that alternative 3 is a crac k
relief layer, both described in Section 13 .1 .2 .
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TABLE 13 .4 Maximum Annual Temperature Differentia l

Temperature
differential

Temperature
differential

State City (°F) State City (°F)

AL Mobile 49 NV Reno 7 3
AK Juneau 46 NH Concord 73
AZ Phoenix 67 NJ Atlantic City 6 1
AR Little Rock 64 NM Albuquerque 69
CA Los Angeles 30 NY Albany 7 1

Sacramento 56 Buffalo 62
San Francisco 32 New York 5 9

CO Denver 71 NC Charlotte 5 6
CT Hartford 68 Raleigh 5 8
DE Wilmington 62 ND Bismark 87
DC Washington 61 OH Cincinnati 6 4
FL Jacksonville 46 Cleveland 61

Miami 31 Columbus 6 4
GA Atlanta 53 OK Okla City 67
HI Honolulu 22 OR Portland 4 7
ID Boise 69 PA Philadelphia 62
IL Chicago 68 Pittsburgh 6 2

Peoria 70 RI Providence 61
IN Indianapolis 66 SC Columbia 5 8
IA Des Moines 74 SD Soiux Falls 81
KS Wichita 71 TN Memphis 6 0
KY Louisville 63 Nashville 61
LA New Orleans 47 TX Dallas-Fort Worth 6 2
ME Portland 67 El Paso 64
MD Baltimore 62 Houston 5 3
MA Boston 59 UT Salt Lake City 7 4
MI Detroit 64 VT Burlington 7 3

Sault Ste . Marie 69 VA Norfolk 5 4
MN Duluth 77 Richmond 6 1

Minneapolis-St. Paul 79 WA Seattle-Tacoma 42
MS Jackson 57 Spokane 6 5
MO Kansas City 69 WV Charleston 60

St. Louis 66 WI Milwaukee 6 9
MT Great Falls 72 WY Cheyenne 6 9
NE Omaha 76 PR San Juan 19

Source . After AI (1983) .

Example 13 .9 :

A JRCP has a joint spacing of 40 ft (12 .2 m) and a temperature differential of 70°F
(21°C) . Measured Benkelman beam deflections are w1 = 0.035 in . (0 .89 mm) and
wr = 0.025 in . (0 .64 mm) . Determine the thickness of overlay required .

Solution:

1. Alternative 1 : Thick Overlay . With a slab length of 40 ft (12 .2 m) and a temperatur e
differential of 70°F (21°C), from Figure 13 .7, the required overlay thickness is greater
than 9 in . (229 mm) ; therefore, use alternative 2 or 3 .
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2. Alternative 2 : Reduce Slab Length .
1. Break the slab into 20-ft (6 .1-m) sections . With a slab length of 20 ft (6 .1 m) and a

temperature differential of 70°F (21°C), from Figure 13 .7, the required overlay is 5
in . (125 mm) .

2. Check vertical mean deflection. Mean deflection before overlay = (0 .025 +
0 .035)/2 = 0.03 in. (0 .76 mm) . Assuming that each inch of HMA will reduce de-
flection by 5%, the mean deflection reduced by overlay = 5 X 0 .03 X 0 .05 x
0 .05 = 0 .0075 in . Mean deflection after overlay = 0 .030 – 0 .0075 = 0.022 5
(0 .56 mm) > 0 .014 in . (0 .36 mm) allowed . Therefore, undersealing is required .

3. Check differential deflections . Differential deflection before overlay = 0 .035 –
0 .025 = 0 .01 (0 .25 mm) . Differential deflection reduced by overlay = 5 x 0.01 X

0 .05 = 0 .0025 in . (0 .064 mm). Differential deflection after overlay = 0.01 –
0 .0025 = 0 .0075 in . (0 .19 mm) > 0 .002 in . (0 .051 mm) allowed . Therefore, under-
sealing is required.

3. Alternative 3 : Crack Relief Layer. Use the layer thicknesses recommended in Figure 13 .1 .
The design consists of a 3 .5-in . (89-mm) mix A crack relief layer, a 2-in . (51-mm )
dense-graded HMA leveling course, and a 1 .5-in . (38-mm) dense-graded HMA sur -
face . The total thickness is 7 in . (178 mm) . A check of deflection indicates that under -
sealing is required .

13.4 PORTLAND CEMENT ASSOCIATION METHO D

There are three types of PCC overlays on PCC pavement : unbonded, bonded, and par-
tially bonded. In this section, the PCA method of overlay design (including the evalua-
tion of existing pavements and the design of unbonded and bonded overlays) i s
presented . Depending on the amount of bonding, the design of a partially bonde d
overlay can be interpolated between the two .

13.4.1 Evaluation of Existing Pavemen t

As a part of the design process, a comprehensive evaluation of the existing pavemen t
must be made, including pavement condition survey, nondestructive deflection testing ,
and in-situ material evaluation .

Pavement Condition Survey The condition survey should identify the type, extent ,
and severity of pavement distress . These distresses are described in Section 9 .1 .2 . The
pavement is divided into survey sections based on the differences in design, construc-
tion, traffic, and location . For small projects, the entire length of each section should be
surveyed. For larger projects, each section may be divided into sample units consistin g
of about 10 to 20 slabs. Sample units from each section are then randomly selected . The
use of 25 to 50% of the sample is recommended . The exact sampling frequency shoul d
be based on site conditions . For each sample unit, the type, severity, and extent of dis-
tress are recorded . For high-severity distress, the cause of distress should be identifie d
and corrective measures taken prior to the overlay .

Nondestructive Deflection Testing The need for deflection testing is based on site con-
ditions and on the information obtained from the condition survey. If the condition sur-
vey indicates the existence of, or potential for, load-associated distress, then deflection
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testing should be conducted to determine the severity of the problem . Deflection mea -
surements should be taken at joints and cracks to learn whether loss of support exist s
and whether load transfer across the joints and cracks is adequate . The test should be
performed by using a NDT device that delivers an 8000- to 10,000-lb (35 .6- to 44 .5-kN)
load to the pavement . The use of lighter loads is not recommended .

In-Situ Material Evaluation An in-situ material evaluation should be performed t o
identify the subgrade and subbase materials and establish the design modulus of sub -
grade reaction at the top of the subbase to be used in different sections of the project .
For bonded overlay projects, the strength related properties of the concrete must als o
be determined . The modulus of subgrade reaction at the top of the subbase may also be
backcalculated from results of nondestructive testing, as described in Section 9 .4 .3 .

The design of a bonded overlay requires a knowledge of the modulus of rupture
and the modulus of elasticity of the concrete in the existing pavement. Because it is no t
practical to obtain beam specimens from the pavement, it is recommended that split-
ting tensile tests be made on cored specimens. The test should be conducted according
to ASTM C 496 "Splitting Tensile Strength of Cylindrical Concrete Specimens . " One
core should be taken every 300 to 500 ft (91 to 152 m) at midslab and about 2 ft (0 .6 m)
from the edge of outside lane . Core diameter should not be less than 4 in . The bottom s
of cores may be trimmed, but not more than in . (13 mm) .

For each section, the effective splitting tensile strength is determined to b e

fte = ft — 1.65s

	

(13 .13 )

in which fte is the effective splitting tensile strength, ft is the average value of splitting ten-
sile strength, and s is the standard deviation of splitting tensile strength . Equation 13 .13
implies that only 5% of the samples in a section have a tensile strength less than the
effective values . The modulus of rupture Se is then obtained from the relationshi p

	

Se = ABA,

	

(13.14)

in which A is a regression constant based on local experience and B is the damage fac-
tor (equal to 0 .9, to relate the strength of concrete specimens taken 2 ft (0 .61 m) fro m
the edge of outside lane to that near or at the edge) . Values of A reported in the litera -
ture range from 1 .35 to about 1 .55 ; a reasonable value based on local experience
should be selected for design purposes . In the absence of local information, an A value
of 1 .45 is suggested .

The modulus of elasticity of the concrete in the existing pavement can be deter -
mined by testing concrete cores in accordance with ASTM C 469 "Static Modulus of Elas -
ticity and Poisson Ratio of Concrete in Compressio n" or by the approximate relationship

	

= DS,

	

(13.15)

in which D is a constant = 6000 to 7000 .

13 .4.2 Design of Unbonded Overla y

The JSLAB computer program was used by PCA to analyze both bonded and un-
bonded overlays.
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Basic Concept The design concept is to provide an overlaid pavement that is struc-
turally equivalent to a new full-depth pavement placed on the same subbase and sub -
grade. The premise of structural equivalency is based on fatigue cracking by ensurin g
that the edge stress in the unbonded overlay o-to is equal to or less than the edge stres s
cr tn in the new pavement, as indicated in Figure 13 .8 .

Cracks in the existing pavement were modeled by using soft elements . Whee l
load was placed at the edge directly over a crack in the existing pavement, as shown i n
Figure 13 .9 . The effect of crack spacing in the existing pavement was determined fo r
spacings of 5, 7, and 10 ft (1 .5, 2 .1, and 3 .0 m) . It was found that the edge stress is larger
when a crack is present in the existing pavement, but that additional cracking does not
further increase the edge stress .

Design Charts The edge stresses obtained from JSLAB were used to prepare desig n
charts for determining the thickness of unbonded overlays . The following assumption s
were made in the analysis : loading type, 18-kip (80-kN) single-axle load ; modulus of
elasticity, 5 X 106 psi (35 GPa) for overlays and 3 X 106 psi and 4 X 10 6 (21 and 28
GPa) for existing pavements ; slab length, 20 ft (6 .1 m) .
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analysis .
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Existing Pavement Thickness (in .)
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FIGURE 13 .1 0

Design chart for case 1 condition of existin g
14 pavement (1 in. = 25 .4 mm, 1 pci = 271 .3 kN/m3 ) .

(After Tayabji and Okamoto (1985) )

Design charts for three cases of existing pavement conditions are shown in
Figures 13 .10, 13 .11, and 13 .12 . These charts are applicable to existing concrete pave -
ments having modulus of elasticity from about 3 x 10 6 to 4 X 10 6 psi (21 to 28 GPa) .
The three cases are described next :

1. Case 1 . Existing pavement exhibiting a large amount of midslab and corne r
cracking ; poor load transfer across cracks and joints .

2. Case 2 . Existing pavement exhibiting a small amount of both midslab and corne r
cracking ; reasonably good load transfer across cracks and joints ; localized repairs
performed to correct distressed existing slabs .
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FIGURE 13 .1 2
Design chart for case 3 condition of existin g
pavement (1 in. = 25.4 mm, 1 pci = 271 .3 kN/m 3 ) .

(After Tayabji and Okamoto (1985))
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3 . Case 3 . Existing pavement exhibiting a small amount of midslab cracking ; good
load transfer across cracks and joints ; loss of support corrected by undersealing .

The design chart for case 1 was based on the results when a crack was placed i n
the existing pavement directly under the edge load . The design chart for case 3 was
based on the results when no cracking occurred in the existing pavement . The desig n
chart for case 2 was interpolated between cases 1 and 3 . The thicknesses of the overlay s
are based on concrete pavements without tied concrete shoulders . If a tied shoulder i s
used in conjunction with the overlay, the thickness of the overlay may be reduced by 1
in. (25 mm), provided that a minimum thickness of 6 in . (25 mm) is used .

Overlay Thickness The first step in the design process is to determine the thicknes s
of a new full-depth concrete pavement to carry the anticipated traffic, as described i n
Section 12 .2 . Based on the condition of the existing pavement, the proper design chart
is selected and the overlay thickness corresponding to a new pavement thickness is de-
termined. Use of the design chart is illustrated in Figure 13 .10 for an existing pavement
of 7 in . (178 mm) and a new full-depth pavement of 10 in . (254 mm) . A vertical line is
drawn from the 10-in . (254-mm) thickness to intersect the base line and then to tur n
horizontally until it meets the vertical line through the 7-in . (178-mm) existing thick-
ness. The intersection of these two lines gives an overlay thickness of 9 .5 in . (241 mm) .
The minimum overlay thickness provided by the design charts is 6 in. (152 mm) . The
use of thinner overlays is not recommended .

Representative values of overlay thickness determined from the charts are summa -
rized in Table 13 .5 in terms of new pavement thickness h n and existing pavement thick -
ness he . To compare the results with Eq. 13 .2 for the unbonded case with n = 2, overla y
thicknesses were computed for C values of 0.35, 0 .6, and 0 .8 . These results are presente d
in Table 13 .6 . It can be seen that the overlay thicknesses listed in Table 13 .5 agree closely
with those listed in Table 13 .6 . This indicates that cases 1, 2, and 3 are equivalent to the C
values from 0 .3 to 0 .5, from 0.5 to 0 .7, and from 0 .7 to 0 .9, respectively.
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TABLE 13 .5 Representative Values of Unbonded
Overlay Thicknes s

Overlay thickness (in. )

h„ (in .) he (in .) Case 1 Case 2 Case 3

8 8 6 .8 6 .0' 6 .0 a
7 7 .2 6 .0 6 .0
6 7 .6 6 .8 6 . 0

10 9 9 .0 7 .0 6 .0 a
8 9.2 7 .8 6 . 0
7 9 .4 8 .8 8 . 0

12 9 11 .5 10 .4 9 .0
8 11 .7 10 .8 10 . 0
7 11 .8 11 .2 10 . 8

Note. 'Indicates minimum thickness ; 1 in. = 25 .4 mm.
Source. After Tayabji and Okamoto (1985) .

TABLE 13 .6 Thicknesses of Unbonded Overlay Based on Corps
of Engineers' Equation

Overlay thickness (in .)

h„ (in.) h e (in .) C = 0 .35 C = 0 .6 C = 0 .8

8 8 6 .5 6 .0 a 6 .0 a
7 6 .8 6 .0' 6 .0 a
6 7 .2 6 .5 6 . 0

10 9 8 .5 7 .2 6 . 0
8 8 .5 7 .9 7 . 0
7 9 .1 8 .4 7 . 8

12 9 10.8 9 .8 8 . 9
8 11 .0 10 .3 9 . 6
7 11 .3 10 .7 10 .2

Note . 'Indicates minimum thickness; l in . = 25 .4 mm .
Source . After Tayabji and Okamoto (1985) .

13.4.3 Design of Bonded Overlay

Bonded overlay is used when the existing pavement is still in good condition but doe s
not have the structural capacity to carry the anticipated future traffic .

Basic Concept The basic concept for bonded overlay is the same as that for unbonde d
overlay, but the location of the edge stress to be compared is different . In the unbonded
case, the edge stress at the bottom of the full-depth slab is compared with that at th e
bottom of overlay, as shown in Figure 13 .8 . Since both are made of new concrete with
the same modulus of rupture Se, a comparison of edge stress is sufficient . If the edg e
stress 6t is the same, the stress ratio o f / Se will be the same, and so will the fatigue life . In
the bonded case, the edge stress at the bottom of the full-depth slab is compared with tha t
at the bottom of the existing slab, as shown in Figure 13 .13 . Because the new full -
depth slab and the old existing slab have different moduli of rupture, the equivalenc y
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Equivalent concept for bonded overlay .
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should be based on the stress ratio rather than the stress alone. For both pavements to
be equivalent, the stress ratio in the existing overlaid pavement must be equal to o r
smaller than that in the new full-depth pavement :

a te

	

stn

	

(13 .16 )
S ee

	

Set,

Here, o- te is the critical edge stress in the existing overlaid pavement, 0tn is the critica l
edge stress in the new full-depth pavement, SCe is the modulus of rupture of the exist -
ing concrete, and S et, is the modulus of rupture of the new concrete .

Design Chart The JSLAB computer program was used to determine the critical ten-
sile stresses due to edge loading in a full-depth concrete pavement and in an existin g
pavement with bonded overlay. The computed stresses together with the moduli of
rupture were then used to prepare the design chart, as shown in Figure 13 .14 .

In the design chart, three different curves (representing different moduli of rup -
ture of the existing concrete) are shown . Curve 1 is applicable for moduli of rupture
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FIGURE 13 .14
Design chart for bonded overla y
(1 in. = 25 .4 mm, 1 psi = 6 .9 kPa) .

(After Tayabji and Okamoto (1985) .)
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from 526 to 575 psi (3 .6 to 4 .0 MPa), curve 2 from 476 to 525 psi (3 .3 to 2.6 MPa), curve
3 from 426 to 475 psi (2 .9 to 3 .3 MPa). Given the thickness of the full-depth pavement
and the curve number, the combined thickness of the existing pavement and the over -
lay can be read from the chart . The difference between the combined thickness and th e
thickness of the existing pavement is the overlay thickness required .

To develop the design chart, the moduli of elasticity of the existing concrete cor-
responding to the three curves were computed by Eq . 13 .15 on D values from 6000 to
7000 . The moduli of elasticity of the new concrete were assumed to be from 4 x 106 to
5 x 10 6 psi (28 to 25 GPa), the moduli of rupture from 600 to 650 psi (4 .1 to 4 .5 MPa) .

The chart cannot be applied when the modulus of rupture of the existing con-
crete is lower than 426 psi (2 .9 MPa) or higher than 575 psi (4 .0 MPa) . When the mod-
ulus of rupture is lower than 425 psi (2 .9 MPa), the very large thickness required might
not warrant the use of a bonded overlay . Furthermore, an existing pavement with such
a low modulus of rupture could be in such a distressed condition that the use of an un-
bonded or directly placed overlay, rather than a bonded overlay, should be considered .
For the case when the modulus of rupture of the existing concrete is greater than 57 5
psi (4 .0 MPa), the existing pavement is considered as good as the new pavement, so th e
overlay thickness required is simply the difference between the full-depth pavemen t
thickness and the existing pavement thickness plus the depth of surface milling o r
scarification .

It should be noted that the maximum bonded overlay thickness recommended i s
5 in . (127 mm) . When the bonded overlay thickness exceeds 5 in . (127 mm), the use of
a directly placed or unbonded overlay might be more cost effective .

Example 13 .10 :

An existing concrete pavement is of a thickness 7 .5 in . (191 mm) after milling . Tests on
a number of cored samples taken from the existing pavement give an average splittin g
tensile strength of 440 psi (3 .0 MPa) and a standard deviation of 50 psi (345 kPa) . If the
required thickness for a new full-depth pavement is 10 in . (254 mm) and the condition s
used to develop the design chart are all satisfied, determine the thickness of the bonde d
overlay required .

Solution: From Eq. 13 .13, fte = 440 – 1 .65 x 50 = 358 psi (2 .5 MPa) . From Eq. 13 .14 with a
value of 1 .45 for constant A, Se = 1 .45 X 0 .9 x 358 = 467 psi (3 .2 MPa) . From Figure 13 .14, the
combined thickness of existing pavement and overlay is 11 .5 in . (381 mm), so the thickness o f
bonded overlay = 11 .5 – 7 .5 = 4 in . (102 mm).

13.5 AASHTO METHO D

The overlay design procedures presented in Chapter 5 of the 1986 AASHTO Design
Guide, as described in the first edition of this book, were avoided by most state highwa y
agencies because the determination of the remaining life factor was complex and yielde d
conflicting results. Elliott (1989) examined the remaining life concept and reveale d
inconsistencies in overlay designs that use the AASHTO remaining life factor . Further
investigation revealed that the remaining life factor should have a value of 1 .0 for all
overlay situations . He recommended that the AASHTO overlay design approach be
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revised to exclude remaining life considerations . This recommendation was accepte d
by AASHTO, and a new design guide was published (AASHTO, 1993) in whic h
chapter 5 was completely revised by not only eliminating the remaining life factor, bu t
also adding more detailed guidelines and documentations to the new guide .

The following abbreviations for pavement are used in this section :

AC:

	

Asphalt concrete, same as HMA in the rest of this book

PCC :

	

Portland cement concret e
JPCP :

	

Jointed plain concrete pavement

JRCP :

	

Jointed reinforced concrete pavement

CRCP:

	

Continuous reinforced concrete pavement

AC/PCC: AC-overlaid Portland cement concret e

13.5.1 Design Concepts

Pavement overlay projects can involve a number of pavement sections with lengt h
ranging from a few hundred feet to several miles . A crucial question to be asked at th e
outset is how to divide the project into analysis sections so that the thickness of overla y
for each section can be designed . This concept will be described first, followed by a dis -
cussion of the structural deficiency concept .

Design of Overlay along Project There are two approaches to designing an overla y
thickness for a project ; each has advantages and disadvantages. The designers should
select the approach that best fits the specific situations .

Uniform Section Approach The project is divided into sections of variou s
lengths, each with relatively uniform characteristics . Each uniform section is consid-
ered independently and overlay design inputs representing the average of the section
are obtained. To delineate an overlay length, the historical data should be consulted —
construction and maintenance records, types and thicknesses of layer materials, sub -
grade, traffic, pavement conditions, and so on. If accurate records have been kept, th e
use of historical data has more merit in delineating unique units than does a procedur e
that relies on current observations of condition or performance indicators, because
changes in one or more design factors are not always evident through observation .

If accurate historical data are not available, the designer must rely upon th e
analysis of a measured pavement response for unit delineation . Although deflectio n
measurements by NDT are effective as a performance indicator, other responses, such
as pavement condition, serviceability, and rut depth, can also be used . A plot of th e
measured response versus station number along an actual highway system may be use d
to delineate units using different analytical or statistical methods. This can be done
manually or through computerized data analysis–graphics systems .

Point-By-Point Approach Overlay thicknesses are determined for specifi c
points along the uniform design section—for example ; every 300 ft (91 m) . All require d
inputs are determined for each point, so that the overlay thickness can be designed .
This approach produces a required overlay design thickness for each analysis point
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along the entire project for a given reliability level . In the selection of one thickness for
the uniform section, keep in mind that each overlay thickness has already been in -
creased to account for the design reliability level . Selection of a thickness that is
greater than the mean of these values will achieve a higher level of reliability, but migh t
not be warranted . This approach can be used to divide the project into different design
sections, or one design thickness may be used for the entire project . Areas having
unusually large thicknesses could be targeted for additional field investigation, an d
extensive repair or reconstruction might be needed before overlay .

Structural Deficiency The overlay design procedures presented here provide a n
overlay thickness to correct the structural deficiency of a pavement and increase it s
ability to carry loads over a future design period . Figure 13 .15 illustrates the decrease
in serviceability and structural capacity of a pavement with the increase in load repeti -
tions, N. Structural capacity, SC, is a general term that can be applied to flexible, rigid ,
and composite pavements. For flexible pavements, SC is expressed by a structural num -
ber, SN; for rigid pavements, by the PCC thickness, D ; and for existing composite pave -
ments, by an equivalent slab thickness . The original pavement has an initia l
serviceability of p i and a structural capacity of S C0. As the number of load applications
increases, the pavement gradually deteriorates, and its serviceability and structura l
capacity decrease. After Np load repetitions, the pavement reaches an acceptabl e
serviceability level of P2 . At this time, the pavement reaches a structural capacity o f

N Load Applications

N Load Applications

FIGURE 13 .1 5

Effect of traffic on serviceability
and structural capacity. (From the
AASHTO Guide for Design of
Pavement Structures. Copyright
1993 . American Association of
State Highway and Transportatio n
Officials, Washington, DC. Used b y
permission . )

co
SC OL

SCf
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SC eff, which is called the effective structural capacity of the existing pavement . Note
that SCeff is equal to SNeff for flexible pavements, but to Deff for rigid and composit e
pavements .

To upgrade the pavement condition to the serviceability pl , additional structura l
capacity, SCoL, in the form of an overlay is required . The sum of this added structural ca-
pacity and the structural capacity of the existing pavement, SCeff, is equivalent to th e
structural capacity, SCf , of a new pavement designed for the existing roadbed modulu s
and the projected future overlay traffic, Nf . Also shown in Figure 13 .15 is the number of
repetitions, N1 .5 , on the existing pavement that will reduce the serviceability to 1 .5 . The
basic equation for overlay design i s

(SCOL)n = (SC f) n — ( SC eff) n

	

(13 .18 )

in which n is a constant that depends on the type of pavement system used in the analy-
sis . For unbonded rigid overlays on rigid pavements, n = 2 ; for all other types of pave -
ments, n = 1 . The 1986 design guide recommended n = 1 .4 for partially bonded rigid
overlays on rigid pavements, but this case was not included in the 1993 guide .

13.5.2 Evaluation of Effective Structural Capacit y

The most difficult part of overlay design is the determination of SC eff. Three alterna-
tive methods can be used : visual condition survey and material testing, nondestructiv e
deflection testing, NDT, and remaining life from fatigue damage by traffic . There ar e
uncertainties involved in each method, so the three cannot be expected to provid e
equivalent estimates . The designers should use all three methods whenever possibl e
and select the best estimate through their own judgment . There is no substitute fo r
experience and judgment .

Visual Survey and Materials Testing A key component in the determination of effec-
tive structural capacity is the visual survey of existing pavement conditions, beginnin g
with a review of all available information regarding the design, construction, and main -
tenance history. This should be followed by a detailed survey to identify the type,
amount of severity, and location of surface distresses, as described in Section 9 .1 . Cou -
pled with the distress survey should be a drainage survey to identify moisture relate d
problems and locations where drainage can be improved to reduce the influence o f
moisture on the performance of the pavement following the overlay .

Materials testing should include a coring and testing program to verify or identify
the cause of the observed surface distress. The location for coring should be selecte d
after the distress survey, to assure that all significant pavement conditions are repre-
sented . If NDT is performed, the data from that testing should also be used to help
select the appropriate coring sites. Coring can also be used to determine the materia l
thicknesses and conditions. A great deal of information can be obtained simply by a vi-
sual inspection of the cored materials. The testing program should aim at determinin g
how the existing materials compare with those used in a new pavement, how the mate -
rials have changed since the pavement was constructed, and whether the material s
function as expected . The types of tests needed depend on the types of materials an d
the types of distresses observed . Typical tests include strength tests for AC and PCC
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cores, gradation tests to identify degradation or contamination of granular materials ,
and extraction tests to determine binder contents and gradation of AC mixes . PCC
cores exhibiting durability problems could be examined by a petrographer to identif y
the cause of the problem .

Flexible Pavements The condition survey method for determining SNeff involve s
a component analysis using the structural number equation :

SNeff = a 1D1 + a2D2m2 + a3D3 m 3

	

(13 .19 )

This equation is the same as Eq . 11 .35 for new pavements, and Table 11 .20 can be con-
sulted for selecting drainage coefficients m 2 and m 3 . Depending on the types and
amounts of deterioration, the layer coefficients assigned to in-service pavement s
should in most cases be smaller than those originally assigned to the new pavements ,
except for unbound granular materials that show no sign of degradation or contamina-
tion . Some suggested layer coefficients for existing materials are shown in Table 13 .7 .

TABLE 13 .7

	

Layer Coefficients for Existing AC Pavement s

Materials Surface Condition Coefficien t

AC Surface Little or no alligator cracking and/or only 0 .35 to 0 .40
low-severity transverse crackin g
<10% low-severity alligator cracking and/or 0 .25 to 0 .3 5
<5% medium- and high- severity transverse crackin g
>10% low-severity alligator cracking and/or 0 .20 to 0 .3 0
<10% medium-severity alligator cracking and/or
>5–10% medium- and high- severity transverse crackin g
>10% medium-severity alligator cracking and/or 0 .14 to 0 .2 0
<10% high-severity alligator cracking and/o r
>10% medium- and high- severity transverse crackin g
>10% high-severity alligator cracking and/or 0 .08 to 0 .1 5

Stabilized Base
>10% high- severity transverse cracking
Little or no alligator cracking and/or only 0 .20 to 0 .3 5
low-severity transverse crackin g
<10% low-severity alligator cracking and/or 0 .15 to 0 .2 5
<5% medium- and high- severity transverse cracking
>10% low-severity alligator cracking and/or 0 .15 to 0 .2 0
<10% medium-severity alligator cracking and/o r
>5–10% medium- and high- severity transverse cracking
>10% medium-severity alligator cracking and/or 0 .10 to 0 .2 0
<1.0% high-severity alligator cracking and/or
>10% medium- and high- severity transverse cracking
>10% high-severity alligator cracking and/or 0 .08 to 0 .1 5

Granular Base
>10% high- severity transverse crackin g
No evidence of pumping, degradation, or 0 .10 to 0 .1 4

or Subbase contamination by fine s
Some evidence of pumping, degradation, or 0 .00 to 0 .1 0
contamination by fines

Source . After AASHTO (1993) .
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The following notes apply to Table 13 .7 :

1. All the distresses are as observed at the pavement surface .

2. Patching all high-severity alligator cracking is recommended . The layer coeffi-
cients of the AC surface and stabilized base should reflect the amount of high -
severity cracking remaining after patching .

3. In addition to evidence of pumping noted during condition survey, samples of
base material should be obtained and examined for evidence of erosion, degra-
dation, contamination by fines, and durability, and layer coefficients should b e
reduced accordingly.

4. The percentage of transverse cracking is the linear feet of cracking per squar e
foot of pavement, expressed as a percentage .

5. Coring and testing are recommended for the evaluation of all materials, especiall y
stabilized layers.

6. There may be other types of distresses (e .g., surface raveling or stripping of an AC
layer, freeze-thaw damage to a cement-treated base) which, in the opinion of th e
engineer, would affect the performance of the overlay . These should be considered
by decreasing the structural coefficient of the layer exhibiting the distress .

Rigid Pavements The effective thickness of the existing slab is computed by the
equation

Deff = (Fie) ( Fdur) (Flat) (D)

	

(13 .20 )

in which F e = joints and cracks adjustment factor, Fdur = durability adjustment factor ,
and Ffat = fatigue damage adjustment factor .

The joints and cracks adjustment factor depends on the number of deteriorated
transverse joints and cracks per mile and can be determined by Figure 13 .16. It is rec-
ommended that all deteriorated joints and cracks and any other major discontinuitie s
in the existing slab be full-depth repaired prior to overlay, so F, = 1 .

A durability adjustment factor is applied when the existing slab has durabilit y
problems, such as "D" cracking or reactive aggregate distress . Suggested durability ad-
justment factors are shown in Table 13 .8 .

The fatigue damage adjustment factor is determined by observing the extent o f
transverse cracking (JPCP, JRCP) and punchouts (CRCP) that could be caused primarily
by repeated loading. Suggested fatigue adjustment factors are shown in Table 13 .9 .

Nondestructive Deflection Testing The NDT procedures used on flexible pavements
are different from those used on rigid pavements . For flexible pavements, NDT is used to
estimate the roadbed soil resilient modulus and to provide a direct estimate of SNeff .
Some agencies apply NDT to backcalculate the moduli of individual layers and then us e
these moduli to estimate SNeff, but this approach was not recommended in the 1993 guide .
For rigid pavements, NDT can be used to examine load transfer efficiency at joints and
cracks, determine the effective modulus of subgrade reaction, or k-value, and estimate th e
modulus of elasticity of the concrete, which provides an estimate of strength .

Flexible Pavements To determine the modulus of the subgrade, the deflection
of a sensor far from the load can be used . This is explained in Figure 9 .37, where the
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Joints and cracks adjustment factor Pe (1 mile = 1 .6 km) . (From the AASHTO Guide for
Design of Pavement Structures . Copyright 1993 . American Association of State Highway an d
Transportation Officials,Washington, DC. Used by permission . )

TABLE 13 .8 Durability Adjustment Factor for Existing PC C
Pavement s

Condition

	

Adjustment Facto r

No sign of PCC durability problems

	

1 .0 0
Some durability cracking but no spatting

	

0.96 to 0.99
Substantial cracking and some spalling

	

0.88 to 0 .95
Extensive cracking and severe spalling

	

0.80 to 0.88

Source . After AASHTO (1993) .

deflection at sensor 5 depends on the modulus of subgrade only and is independent o f
the modulus of overlying layers, thus permitting the backcalculation of the subgrad e
resilient modulus from a single measurement . According to the Boussinesq equatio n
for a homogeneous half space,

P(1 — v2 )

dr

	

vrrMR

	

(13.21 )

in which dr = surface deflection at a distance r from the load, P = point load ,
v = Poisson's ratio, r = distance from the load, and MR = resilient modulus. Note
that Eq. 13 .21 is the same as Eq . 5 .3 except for the change in notation . The deflection i s
independent of the size of the load plate, so the total load applied to the plate shoul d

w

1 .00
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0 .90

0 .8 5

0 .80
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0 .40 0
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TABLE 13 .9 Fatigue Adjustment Factor For Existing PCC Pavements

Condition

	

Adjustment Facto r

Few transverse cracks/punchouts (none caused by
"D" cracking or reactive aggregate distress)

JPCP : <5 percent of slabs cracke d
JRCP: <25 working cracks per mile
CRCP: <4 punchouts per mile

A significant number of transverse cracks/punchout s
(none caused by "D" cracking or reactive aggregates)

JPCP : 5—15 percent of slabs cracke d
JRCP : 25—75 working cracks per mile
CRCP: 4—12 punchouts per mile

A large number of transverse cracks/punchout s
(none Caused by "D" cracking or reactive aggregate distress )

JPCP : >15 percent of slabs cracke d
JRCP : >75 working cracks per mil e
CRCP: >12 punchouts per mile

Source . After AASHTO (1993) .

be used. By assuming a Poisson's ratio of 0 .5, the following equation can be used :

0.24P
MR

	

d

	

(13 .22 )
r r

To account for the difference between the backcalculated MR and the design MR , the
MR computed by Eq. 13 .22 must be multiplied by an adjustment factor C. AASHTO
recommends the use of a C value not greater than 0 .33 in the following equation :

0.24P
MR =

C d r

	

(13 .23 )

The location selected to backcalculate the subgrade modulus must be far enough
from the load to eliminate the effect of any layers above but also close enough that th e
deflection is not too small to be measured accurately. The minimum distance is give n
by the relationship

{D} 2r=0.7 a 2+(13.24 )

in which a= radius of load plate, D = total thickness of pavement layers above the
subgrade, and Ep = effective modulus of all pavement layers above the subgrade, a s
described below.

To estimate SNeff , it is necessary to determine Ep first, from the formul a

1—

	

1
MRdO = 1 . 5

qa

0 .97 to 1 .00

0 .94 to 0 .9 6

0 .90 to 0.93
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(13 .25)
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Chart for determining EPIMR, based on Eq. 13 .25 (1 in . = 25 .4 mm, 1 psi = 6 .9 kPa ,
1 lb = 4 .45 N) . (From the AASHTO Guide for Design of Pavement Structures. Copyright 1993 .

American Association of State Highway and Transportation Officials, Washington, DC . Use d
by permission . )

in which do = deflection measured at the center of the load plate after adjustment to a
standard pavement temperature of 68°F and q = pressure on load plate . Eq. 13 .25 i s
based on a Poisson's ratio of 0 .5, with Ep as the only unknown, and can be solved b y

iteration via a computer or spreadsheet . Figure 13 .17 is a chart for determining Ep

when a = 5 .9 in . (150 mm) . If a is not equal to 5 .9 in . (150 mm), Eq. 13 .25 must be used .

Figure 13 .18 can be used to determine the temperature adjustment factor for granula r

or asphalt-treated base, Figure 13.19 for cement- or pozzolanic-treated base . After Ep

is determined, SNeff can be computed by

SNeff = 0.0045DEp

	

(13.26)

Equation 13 .26 is based on the assumption that the structural number is propor-
tional to the cubic root of the modulus of rigidity, as defined by Eq . 5 .11 . Using the
crushed stone base at the AASHO road test site as a standard with a layer coefficien t

of 0 .14 and an elastic modulus of 30,000 psi (207 MPa), the constant of proportionalit y

is 0 .14/(30000) 1/3 = 0.0045 .
It should be pointed out that a single chart can be easily developed and used for var -

ious plate radii, a, if dimensionless terms are used by plotting MRdol(ga) vs Dla . Further-

more, Eq. 13 .25 is an approximate solution for a two-layer system developed by Odemar k

(1949), but not as accurate as Burmister's layered theory presented in Appendix B .

Table 13 .10 is a comparison between the solutions based on Eq. 13 .25 and those computed

by KENLAYER and so based on Burmister's theory. It can be seen that the deflections
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Solution: From Eq . 13 .22, MR = (0.24 x 9000)/(0 .00355 X 36) = 16,900 psi (117 MPa) .
Note that this is the modulus backcalculated from NDT, which must be multiplied by an adjust -
ment factor of not greater than 0 .33 to get the effective resilient modulus for use with the
AASHTO equations and charts. Assuming that C = 0.33, from Eq . 13 .23, MR = 0 .33 x
16,900 = 5580 psi (38 .5 MPa) . With AC temperature of 80°F and AC thickness of 4 .25 in . (108 mm),
from Figure 13 .18, the temperature adjustment factor for do is 0 .92, so do = 0.92 x
0 .0139 = 0.0128 in . (0 .33 mm) . With (MRdo)IP = (16900 x 12 .8)/9000 = 24.0 and D = 4 .25 +
8 = 12 .25 in . (311 mm), from Figure 13 .17, Ep/M R = 8 .5, or Ep = 8 .5 X 16,900 = 143,650 ps i
(991 MPa) . From Eq. 13 .26 SNeff = 0.0045 x 12 .25 X (143,650 ) 13 = 2 .88 . The placement of th e
sensor at a distance of 36 in . (0.91 m) is sufficient, because it exceeds the minimum distance com -
puted by Eq. 13 .24, r = 0 .7 x {(5 .9) 2 + [12 .25 x (8 .5)11312}os = 17 .98 in . (457 mm) .

It is interesting to see the difference in Ep if Figure 13.20 is used. With
q = 9000/[ir X (5 .9) 2] = 82.3 psi (567 kPa), MRdol(ga) = (16,900 X 0 .0128)/(82 .3 x
5 .9) = 0 .45, and Dla = 12.25/5 .9 = 2.08, from Figure 13 .20, EPIMR = 10.0, or Ep =
10 .0 x 16,900 = 169,000 psi (1 .16 GPa), which is slightly greater than the 143,650 psi
(991 MPa) obtained by Figure 13 .17 .

Rigid Pavements To examine the load transfer efficiency at joints and cracks ,
the load plate is placed on one side of the joint with the edge of the plate tangent to the
joint . The deflections at two points, one at the center of the plate and the other at 12 in .
(305 mm) from the center on the other side of the joint, are measured, and the loa d
transfer efficiency is computed as

ALT = 100B (13 .27 )

in which ALT = deflection load transfer in percent, A ul = unloaded side deflection,
A l = loaded side deflection, and B = slab bending correction factor, which is neces-
sary because the deflections do and d12 are not equal, even at the interior of the slab
with no joints and cracks, so a correction factor of do/dl2 measured in the interior of the
slab must be applied at the joint . Typical values for B are between 1 .05 and 1 .15 . The
values of ALT are related to the load transfer coefficient J : if ALT > 70, J = 3 .2; i f
ALT = 50 — 70, J = 3 .5 ; and if ALT < 50, J = 4 .0 .

The procedures for determining the effective modulus of subgrade reaction, k ,
and the elastic modulus of concrete, Ec , are similar to the ILL-BACK program de -
scribed in Section 9 .4.3 . However, instead of going through the radius of relative stiff-
ness, Figure 13 .21 can be used directly to determine k and Figure 13 .22 to determine
Ec. The deflection basin area, AREA, used in these charts is similar to what is seen in
Eq. 9 .45 and can be rewritten as

AREA = 6[1 + 2(—) + 2(d
z4)

+
C d36~

	

(13 .28 )
do

	

do

	

do

in which d 12 , d24 i and d36 are deflections measured at 12, 24, and 36 in . (3 .04, 6 .10, and
9.14 m), respectively, from the plate center . Note that the k-value obtained from the
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chart is the dynamic k-value, whereas the k-value to be used with the AASHTO desig n
equation and chart is the static k-value . The following relationship may be used for th e
conversion :

Dynamic k-value
Static k-value =

	

2

	

(13 .29 )

Example 13 .12 :

Much as in example 9 .4, determine the dynamic k-value and E, by Figures 13 .2 1
and 13 .22 .

Solution: In Example 9 .4, do = 0 .003 in . = 3 mil (0 .076 mm) and AREA = 31 .0 in . (787
mm). From Figure 13 .21, k = 210 pci (57 MN/m3 ), which is the same as Example 9 .4(a) . With
AREA = 31 .0 in . (787 mm) and k = 210 pci (57 MN/m3), from Figure 13 .22, E C D 3 = 6 x 10 9 .
Since D = 10 in . (25 mm), E~ = 6 x 109/103 = 6 x 106 psi (41 GPa), which checks with th e
5 .7 x 10 6 (39 GPa) obtained in Example 9.4(a) .

Remaining Life after Fatigue Damage by Traffic To compute the remaining life, the
actual traffic in 18-kip ESAL the pavement has carried to date and the total traffic th e
pavement could be expected to carry to failure, as indicated respectively by Np and N1 .5
in Figure 13 .15, must be determined first . Np may be estimated by the pavement design
equations or nomographs in Section 11 .3 or 12 .3 . To be consistent with the AASHT O
Road Test and the development of these equations, a failure PSI equal to 1 .5 and a re-
liability of 50 percent are recommended . The remaining life, RL in percent, can then b e
computed by

RL = 100(1 – Np)

	

(13 .30 )
N1 .5

With RL known, a condition factor, CF, can be obtained from Figure 13 .23, an d
the effective structural capacity can be calculated a s

SC eff = CF X SC o

	

(13 .31 )

Example 13 .13:

A 10-in. (254-mm) concrete pavement with an initial PSI of 4 .5 has been subjected to 14 . 5
million 18-kip (80-kN) ESAL before being overlaid . Given that k = 72 pc i
(19.5 MN/m3 ), E~ = 5 x 10 6 psi (34.5 GPa), S~ = 650 psi (4 .5 MPa), J = 3 .2, and
Cd = 1 .0, determine the effective structural capacity of the pavement by the remainin g
life approach .

Solution : With Np = 14,500,000, it is now necessary to determine N1 .5 . The data given in this
example are the same as those in Example 12 .6, except that, for failure to occur, LPSI =-
4 .5 – 1 .5 = 3 .0, instead of 1 .7, and R = 50%, instead of 95% . N1 .5 can be determined from
Figure 12 .17 by the following steps :
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FIGURE 13 .2 3
Relationship between condition factor and remaining life . (From the AASHTO Guide for
Design of Pavement Structures. Copyright 1993. American Association of State Highway an d
Transportation Officials, Washington, DC. Used by permission .)

1. Same as Example 12 .6 .
2. Starting at 74 on the match line in Figure 12.17b, a line is drawn through OPSI = 3 . 0

until it intersects the vertical axis, then turns horizontally until it intersects D = 10 in .
(254 mm), and finally turns vertically until it intersects the horizontal axis .

3. From the reliability scale with R = 50%, a line is drawn parallel and over the overal l
standard deviation scale until it intersects the TL line .

4. The intersection of a line connecting the last two points, the one in step 2 and the
other in step 3, with the ESAL scale gives N 1_5 = 28 millions .

A more accurate ESAL can be obtained from Eq . 12.21, or log N1 .5 = 7 .35 log (10 +
1) — 0 .06 + (4 .22 — 0 .32 x 1 .5) log{[(650 x 1)/(215 .63 X 3 .2)][(10 ) 075 — 1.132]/[(10)°.75 —

18 .421(5 x 10 6/72 ) 025]} = 7 .654 — 0.06 — 0.096 = 7 .498 or N1 .5 = 31,500,000. From Eq . 13 .30,
RL = 100(1 — 14 .5/31 .5) = 0 .54 . From Figure 13 .22, CF = 0.9 . From Eq. 13 .31, Deff =

0 .9 x 10 = 9 in . (229 mm) .

13.5.3 Future Structural Capacity Analysi s

The major objective of future structural capacity analysis is to determine the tota l
structural capacity of a new pavement required to carry Nf load repetitions during th e
overlay design period, as shown by SC f in Figure 13 .15 . In other words, this step is sim-
ply a new pavement design for either a flexible or rigid pavement system based on th e
existing subgrade or foundation conditions. Consequently, the design procedures for
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new pavements, as discussed in Section 11 .3 or 12 .3, can be used. However, some design
factors, which may be slightly different from new construction, are discussed below .

Traffic Analysis The purpose of traffic analysis is to determine the 18-kip (80-kN)
ESALs expected over the design life of the overlay in the design lane . The estimated
ESALs must be calculated by using the appropriate equivalent factors for flexible o r
rigid pavements. Flexible pavement equivalent factors should be used if all layers ar e
flexible with no any workable PCC layer underneath . Rigid pavement equivalent factors
should be used if the overlay is PCC or if the existing pavement has a PCC layer that i s
not subjected to break and seat or rubblized procedures before overlay. This principle is
based on the predominant effect of PCC over AC . If there is a PCC layer in the existin g
pavement, its effective structural capacity should be in terms of PCC thickness, D, so th e
future structural capacity should also be in terms of D, so that the structural deficiency,
Df – Deff, can be determined . If AC is used for the overlay, this deficiency in PCC thick-
ness can be converted to AC thickness by a conversion factor to be discussed later .

An approximate relationship exists between flexible pavement and rigid pavemen t
equivalent factors . A factor of 0 .67 can be used to convert rigid pavement ESALs to flexi -
ble pavement ESALs . For example, 15 million rigid pavement ESALs equal 10 million
ESALs. Similarly, a factor of 1 .5 can be used to convert flexible pavement ESALs to rigi d
pavement ESALs. Failure to use the correct type of ESALs will result in significant error s
in the overlay design . Methods for traffic computations are presented in Chapter 6 .

Subgrade The methods used for new pavements to determine the effective resilient
modulus, M R , or the effective modulus of subgrade reaction, k, can also be used fo r
overlay design . However, if as-constructed soil data are used, their properties may have
changed since construction, due to changes in moisture content or other factors .

If NDT procedures are used, the methods for calculating MR or the k-value var y
with the types of overlay and existing pavement as follows :

1. If both the overlay and the existing pavement are AC, use NDT for flexible pave-
ments, as described in Section 13 .5 .2, to backcalculate MR by Eq. 13 .23 .

2. If the existing pavement is PCC or AC/PCC, regardless of whether the overlay i s
AC or PCC, use NDT for rigid pavements, as described in Section 13 .5 .2, to back-
calculate dynamic k-value by Figure 13.21 . The dynamic k-value should be divide d
by 2 to obtain the static value for use in thickness design .

3. If the overlay is PCC and the existing pavement is AC or fractured PCC, us e
NDT for flexible pavements, as described in Section 13 .5 .2, to backcalculate MR
by Eq. 13 .23 and Ep by Figure 13 .17 . Then, by considering Ep as Es B and D as
DSB , the dynamic k-value can be found from Figure 12.18 .

Reliability An overlay may be designed for different levels of reliability, as described i n
Section 11 .3 .1 for new pavements. However, reliability level has a large effect on overlay
thickness. Varying reliability level to determine SNf or Df between 65 to 99 percent may
yield a difference in overlay thickness of 6 in . (152 mm) or more . Based on field testing, i t
appears that a design reliability level of 95 percent and an overall standard deviation o f
0 .49 for any type of AC overlay and of 0 .39 for any type of PCC overlay give overlay thick-
nesses consistent with those recommended for most projects by state highway agencies .



13 .5 AASHTO Method 643

TABLE 13 .11

	

Seven Cases of Overlay Design

Type of
Overlay

Type of
Existing
Pavement

SC

D

NDT

k

Determination of SCeff

NDT
Condition

Survey
Remainin g

Life
-
SN MR

A C
AC
A C
AC
Unbonded PCC
bonded PCC
PCC

AC
Fractured PCC

PCC
AC/PC C

PCC or AC/PCC
PC C
AC

x
x

x
x
x
x
x

x
x

x

x
x
x
x

x x
x
X

X
x
x

x

x

x
x

Although the above values of standard deviations are the same as those recom-
mended for new pavements, It should be pointed out that some sources of uncertainty
for overlay design are different from those for new pavement design, thus requirin g
different overall standard deviations. The appropriate value may change with the over -
lay type and the uncertainty in evaluating SNeff or Deft . Some sources of variation, such
as the estimation of future traffic, may be smaller in overlay design than in new pave -

ment design . The use of a point-by-point approach should also result in a smaller stan -

dard deviation than that of the uniform section approach . To better establish th e

standard deviations for overlay design, additional research is needed .

13 .5 .4 Overlay Design Methodolog y

The 1993 AASHTO design guide discussed seven cases of overlays . Step-by-step pro -
cedures for each case were described, including feasibility, preoverlay repair, reflection

crack control, subdrainage, and thickness design. These procedures were repeated fo r
each case, even though many of them were about the same . In this book, only topics di -
rectly related to the thickness design are included, and procedures common to two o r

more cases are presented in the previous sections, so that they need not be repeated in

a later section . Table 13 .11 lists the seven cases of overlay design, indicating whethe r

structural capacity is expressed as SN or D, whether NDT is used to determine MR or
k, and which methods can be used to determine SCeff . These subjects have been dis-
cussed previously and are summarized in the table .

Some comments on Table 13 .11 :

1. As a general rule, when SC is defined by SN, NDT is used to determine MR ,

whereas when SC is defined by D, NDT is used to determine k . The only excep-

tion is in the case of PCC overlay of AC pavement, where MR and E p are deter-

mined by NDT and then used to determine k by Figure 12 .18 .

2. When NDT is used to determine MR , it is customary to determine Ep at the same

time. For AC overlay of AC pavement, Ep is used directly to compute SNeff by

Eq. 13 .26 ; for AC overlay of fractured PCC pavement, a comparison of Ep deter-
mined both before and after fracturing will insure that the PCC pavement ha s
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been fractured sufficiently; and for PCC overlay of AC pavement, Ep is used t o
determine k .

3. When NDT is used to determine k, the elastic modulus of the slab, Ec , is also de-
termined. E, is not used directly to determine Deb, but it can be used to estimate
the modulus of rupture, Se , by Eq . 7 .56a .

4. To determine SCeff, the only method applicable to all cases is the condition sur-
vey, and the only case to which all three methods can be applied is the AC over -
lay of existing AC pavement .

5. Flexible pavement ESALs should be used when SC = SN ; rigid pavement
ESALs should be used when SC = D.

In this section, each of the seven cases of overlay design will be discussed first ,
followed by a practical example . These examples are selected from a final report
prepared for NCHRP by Darter et al. (1991a), in which a total of 74 examples wer e
developed using actual in-service pavements located throughout the United State s
in five different regions identified as NE, SE, MW, NW, and SW Except in Exampl e
13 .14, where all three methods were used to determine SNeff, only the condition sur-
vey method was used in all the examples. To get more accurate results, the un-
knowns were solved directly from the original equations, instead of by using desig n
charts . To save space and avoid confusion, these examples are presented in a differ-
ent style . Instead of giving all the design data first and then the solution, the data ar e
presented in groups just before a given item is computed . Note also that onl y
English units are used .

AC Overlay of AC Pavement The required thickness of asphalt overlay, Do L, can b e
determined as

SNOL SNf — SNeff
DoL =

	

(13 .32 )
aoL

	

aoL

in which ao L = structural layer coefficient of the overlay material . It is suggested that
all three methods, if available, be used to evaluate S Neff and that the most appropriat e
value be selected, based on the engineering judgment of the designer and the pas t
experience of the agency.

Example 13,14 :

AC overlay of conventional AC pavement (NW1 )
Existing pavement: AC surface 4 .25 in., granular base 8 in ., MR = 5634 psi (by
NDT, sandy silt, sandy gravel) .
Find SNf : Nf = 2,400,000 (flexible ESALs), R = 95%, Se = 0.45, p1 = 4.2, p2 =
2.5, SNf = 4.69 (by Eq . 11 .37 using trial and error) .
Find SNeff by NDT: SNeff = 2 .88 (see Example 13 .11) .
Find SNeff by condition survey : a l = 0.35, a2 = 0 .14 (see Table 13 .7), m 1 = 1 .00,
m 2 = 1 .00, SNeff = 0 .35 x 4.25 + 0 .14 x 8 = 2.61 (by Eq . 13 .19) .
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Find SNeff by remaining life method: NP = 400,000, a 1 = 0.44, a 2 = 0.14, SN =

(0.44 x 4.25 +0 .14 x 8) = 2.99, R = 50%, pi =4.2, p2 = 1.5, N1 .5 = 1,140,16 1

(by Eq. 11 .37) . From Eq. 13 .30, RL = 100(1 — 400,000/1,140,161) = 65 . From

Figure 13 .23, CF = 0 .93 or SNeff = 0.93 x 2.99 = 2.78 in .

Find Do L: It can be seen that the values of SN eff by the three methods are not
very much different. This is a coincidence, because in many cases they vary a
great deal . If the smallest SNef, 2 .61, is used, with ao L = 0.44, from Eq . 13 .32 ,
DoL = (4 .69 — 2 .61)/0 .44 = 4 .73 in . of AC .

AC Overlay of Fractured PCC Pavement This case covers AC overlay of PCC pave -
ment that has been fractured by any of the following techniques : break/seat, crack/seat ,

and rubblize/compact .
Break/seat consists of breaking a JRCP into pieces larger than about 1 ft (0 .3 m) ,

rupturing the reinforcement or breaking its bond with the concrete, and seating th e

pieces firmly into the foundation .
Crack/seat consists of cracking a JPCP into pieces typically 1 to 3 ft (0 .3 to 0 .9 m)

in size and seating the pieces firmly into the foundation . Seating typically consists of

several passes of a 35- to 50- ton rubber-tired roller over a cracked or broken slab .
Rubblize/compact consists of completely rupturing any type of PCC slab, includ -

ing JPCP, JRCP, or CRCP, into pieces smaller than 1 ft and then compacting the layer ,

typically with a 10-ton vibratory roller .
The same equation as Eq . 13 .32 is used to determine the thickness of asphalt

overlay. Although NDT can be used to evaluate MR for the determination of SNf , it

cannot be used to evaluate SNeff . The only method used to evaluate SNeff is the com-

ponent analysis given as

SNeff = a2D2m2 + a3D3m3

	

(13 .33 )

in which D2 , D3 = thicknesses of fractured slab and base layers ; a 2 , a 3 = correspond-

ing structural layer coefficients ; and m2, m3 = corresponding drainage coefficients .

Table 11 .20 can be used as a guide for determining m3 . Because of the lack of informa-

tion on drainage characteristics of fractured concrete, a default value of 1 .0 for m 2 is

recommended . Table 13.12 shows the suggested layer coefficients for fractured sla b

pavements .

Example 13 .15 :

AC overlay of break/seat JRCP (MW-4 )

Existing pavement : rubblized PCC 8 in ., granular subbase 6 in ., MR = 3090 ps i
(by NDT, A-6, from NDT Ep = 1,045,416 psi) .

Find SNf : Nf = 318,000 (20 years, flexible ESALs), R = 95%, So = 0.49 ,
pi = 4.5, p2 = 2 .5 SNf = 4.13 (by Eq . 11 .37 using trial

and error) .

Find SNeff by condition survey: a 2 = 0.25, a3 = 0.14 (see Table 13 .12) ,
m2 = 1.00, m 3 = 1.00, SN eff = 0.25 x 8 + 0.14 X 6 = 2.84 (by Eq . 13 .33) .

Find DoL : a 1 = 0.44, from Eq . 13 .32, DoL = (4 .13 — 2 .84)/0 .44 = 2.93 in . of AC.
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TABLE 13 .12 Suggested Layer Coefficients for Fractured Pavement s

Material

	

Slab Condition

	

Coefficient

Break/Seat JRCP Pieces greater than 1 ft with rupture d
reinforcement or steel/concrete bond broken

0.20 to 0 .3 5

Crack/Seat JPCP Pieces 1 to 3 ft 0.25 to 0 .3 5
Rubblized PCC Completely fractured slab with pieces <1 ft 0 .14 to 0.3 0
Base/subbase Granular

and stabilized
No evidence of degradation o r

intrusion of fines
0 .10 to 0.1 4

Some evidence of degradation and intrusion
of fines

0 .00 to 0 .10

Source . After AASHTO (1993) .

AC Overlay of PCC Pavement The required thickness of bonded PCC overlay ca n
be determined simply as

DoL, = Df — Deff

	

(13.34 )

in which DoL is the thickness of PCC . If the overlay is AC, the required PCC thicknes s
must be converted to an equivalent AC thickness b y

Do L = A(Df — Deff)

	

(13 .35 )

in which A = factor to convert PCC thickness to AC overlay thickness .
To investigate what A factor should be used in design of overlays of PCC pave-

ments, the BISAR elastic layer program was used to compute stresses in PCC slab s
with a range of bonded PCC overlay deficiencies and AC overlay thicknesses . The A
factor is the ratio between the AC overlay thickness and the bonded AC overlay thick-
ness when both types of overlay produce the same tensile stress at the bottom of the
base slab . It was found that this A factor is a function of the PCC thickness deficiency
and can be computed a s

A = 2.2233 + 0 .0099(Df — Deff ) 2 — 0 .1534(Df — Deg)

	

(13 .36)

in which Deff can be computed by Eq . 13 .20 .

Example 13 .16 :

AC overlay of existing JRCP (NE-7 )
Existing pavement : slab 10 in ., subgrade k = 150 pci (CBR = 5, see Figure 7 .36 )

Find Df : Nf = 10,050,000 (10 years, rigid ESALs), R = 95%, S o = 0.35, p i =
4 .2, p2 = 3.0, J = 3.2, C d = 1.00, E, = 4 X 106 psi, Sc = 650 psi, Df = 11.40 in.
(by Eq. 12 .21) .

Find Deff by condition survey: F, = 0.95 (see Figure 13 .16), Fdur = 0.98 (see
Table 13.8) Fat = 0.98 (see Table 13.9), Deff = 0.95 X 0.98 x 0 .98 x 10 =
9.12 in .
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Find DoL : If the overlay is PCC instead of AC, from Eq. 13.34, DoL =
11,40 — 9 .12 = 2.28 in . of PCC. If the overlay is AC, from Eq . 13 .36, A = 1.93 .
From Eq . 13 .35, DoL = 1.93 X 2.28 = 4.4 in . of AC.

AC Overlay of AC/PCC Pavement Eqs. 13 .35 and 13 .36 can also be used for existin g
composite pavements, to determine the thickness of overlay . However, Deff is computed as

Deff = (Fc) (Fdur) (Dpcc) + (Dac/2)Fac

	

(13 .37 )

in which DpCe = thickness of existing PCC slab, Fac = AC quality adjustment factor ,

and Dac = thickness of existing AC surface. In the equation, the A factor to convert AC

thickness to PCC thickness is assumed to be 2 .

The joints and cracks adjustment factor, Ti c , can be determined from Figure 13 .16 ,
based on the total number of unrepaired deteriorated reflection cracks, punchouts, an d

other discontinuities per mile . The durability adjustment factor, Fdur , can be deter -

mined from Table 13 .13 .
The AC quality adjustment factor, Fac, is based on the quality of the existing A C

material and can be determined by Table 13 .14 . The value selected should depend onl y

on distresses related to the AC layer, such as rutting, stripping, shoving, weathering ,

and raveling, if they are not removed by surface milling . Consideration should be give n
to complete removal of a poor-quality AC layer . If the AC surface is to be milled prior
to overlay, the AC thickness remaining after milling should be used in determining Deff.

TABLE 13 .13 Durability Adjustment Factor for Existing AC/PCC

Pavements

Condition

	

Adjustment Factor

No evidence or history of PCC durability problems 1 .0 0
Pavement known to have PCC durability problem s

but no localized failures or related distress
0 .96 to 0 .99

Some durability distress and localized failure s
visible at pavement edge

0 .88 to 0 .9 5

Extensive durability distress and localized failures 0 .80 to 0 .8 8

Source . After AASHTO (1993) .

TABLE 13 .14 AC Quality Adjustment Factor for Existing AC/PCC Pavement s

Condition

	

Adjustment Facto r

No AC material distress 1.00
Minor AC material distress (weathering, raveling )

not corrected by surface milling
0.96 to 0 .9 9

Significant AC material distress (rutting, stripping ,
Shoving)

0.88 to 0 .9 5

Severe AC material distress (rutting, stripping, shoving) 0.80 to 0.88

Source . After AASHTO (1993) .
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However, no adjustment need be made to Deff if the depth of milling does not exceed
the minimum necessary to remove surface ruts .

When NDT is performed on composite pavements to determine the dynamic
subgrade k-value and the PCC modulus, the compression of AC under the loadin g
plate must be estimated and deducted from the measured do . This compression de-
pends both on the thickness and elastic modulus of AC and on the interface bondin g
condition between AC and PCC . Procedures for estimating this compression wer e
described in the 1993 design guide and are not repeated here .

Example 13 .17 :

AC overlay of existing AC/JRCP (MW-15)
Existing pavement : Dac = 3 in ., Dp ,, = 10 in ., static k-value = 164 pci (by NDT) .

Find Df: Nf = 10,000,000 (20 years, rigid ESALs), R = 95%, So = 0.39, pi =-
4 .5, p2 = 2.5, J = 3 .2, Cd = 1.00, E, = 2 .7 x 10 6 psi (by NDT), S, = 606 psi (b y
Eq. 7 .56a), Df = 10 .92 in . (by Eq. 12 .21 using trial and error) .
Find Deff by condition survey : F e = 0.90 (50 unrepaired areas per mile) ,
Fdur = 0.90 (localized failures from "D" cracking), Fac = 0.95 (fair AC mixture) ,
thickness of AC to be milled = 0 .5 in ., Dae = 3 — 0 .5 = 2 .5 in . From Eq. 13 .37 ,
Deff = 0 .9 x 0 .9 x 10 + (2.5/2) x 0 .95 = 9 .29 in .
Find DoL : From Eq. 13.36, A = 2 .00. From Eq. 13 .35, DoL = 2.00 X
(10.92 — 9 .29) = 3 .26 in . of AC.

Bonded PCC Overlay of PCC Pavement The thickness design procedure for bonded
PCC overlay of PCC pavement is almost exactly the same as that for AC overlay o f
PCC pavement, but without the final step to convert PCC thickness to equivalent A C
thickness . Therefore, Eq. 13 .34 and Example 13 .16 for AC overlay of PCC pavement
can also be applied . The 2 .28 in . of PCC obtained in Example 13 .16 is the final answer
if the bonded PCC overlay is used .

Bonded concrete overlays have been successfully constructed as thin as 2 in . (51 mm)
and as thick as 6 in . (152 mm) or more . For most highway pavement overlays, thick-
nesses from 3 to 4 in . (76 to 101 mm) are typical . If the bonded overlay is placed onl y
for functional purpose such as roughness or friction, a thickness of 3 in . (76 mm) should
be adequate.

Unbonded PCC Overlay of PCC or AC/PCC Pavement The thickness of unbonde d
PCC overlay can be determined from

DoL = \/Df — Dff

	

(13 .38)

in which Deff = effective thickness of an existing PCC or AC/PCC, which can be com-
puted as

Deff = (Fcu) D

	

(13.39)
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in which D = existing PCC slab thickness and 1 = joints and cracks adjustment fac-
tor for unbonded concrete overlays, which may range from 1 to 0 .9 depending on th e

number of deteriorated joints and cracks per mile . As a rough guide, adjustment factors

of 0 .98 can be used for 20 deteriorated joints and cracks per mile, 0 .94 for 100 per mile ,

and 0 .9 for 200 per mile . Note that the existing AC surface is disregarded in determin -

ing Deff of an existing AC/PCC pavement .

Example 13 .18 :

Unbonded JPCP overlay of existing JPCP (SW-20 )

Existing pavement: slab 8 .2 in ., subgrade k = 183 pci (by NDT)

Find Df : Nf = 11,000,000 (rigid ESALs), R = 95%, So = 0 .35, pi = 4.5, p 2 =

2 .5, T = 4 .0, Cd = 1 .00, E, = 4 .9 x 10 6 psi, S, = 700 psi (by Eq. 7 .56a), Df =

11 .50 in . (by Eq. 12 .21) .

Find Deff by condition survey : Assume 100 deteriorated cracks per mile o r

F eu = 0.94 . From Eq . 13 .39, Deff = 0.94 x 8 .2 = 7 .71 in .

Find DoL : From Eq. 13 .38, Do L = [(11 .50) 2 – (7.71) 2] 1/2 = 8.53 in . of PCC .

PCC Overlay of AC Pavement The thickness of PCC overlay is computed a s

DoL = Df

	

(13 .40 )

The existing AC pavement is considered as a foundation for the new PCC pavement.

A major problem is how to select a k-value that represents the combined effect of A C

surface, granular base, and subgrade . The 1993 guide suggests the use of Figure 12 .18 to

estimate the k-value based either on NDT data or on soil data and the types and thick -

nesses of the pavement layers. The k-value obtained may need to be adjusted for sea -

sonal effect .
When NDT is used, first backcalculate MR and Ep , then enter Figure 12 .18 with

DsB as the total thickness of pavement above the subgrade and Ep as EsB , and deter -

mine the effective dynamic k-value . Divide the effective dynamic k-value by 2 t o

obtain the effective static k-value . Note that the backcalculated MR to estimate the

effective dynamic k-value should not be adjusted by the C factor .
The use of Figure 12.18 for determining the k-value was not recommended in the

original NCHRP report (Darter et al., 1991b) when these examples were prepared. To

investigate the appropriate k-values for designing PCC overlays of existing AC pave-

ments, theoretical analyses were made on a variety of pavement systems consisting of a

PCC slab and an AC layer, each with a wide range of thicknesses and elastic moduli ,

and of subgrades with resilient moduli ranging from 5000 to 40,000 psi (34 to 276 MPa) .
The deflection basins at the top of PCC were first computed by the BISAR elasti c

layer program, which were then used with the ILLI-BACK software to backcalculat e

the effective k-value beneath the PCC slab . It was found that the dominant factor

influencing the backcalculated k-value was the subgrade modulus, the effects of A C
thickness and modulus were much less significant . A curve relating MR to k-value was
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plotted and is recommended for use in design . However, this recommendation was not
included in the AASHTO design guide, because it contradicts the use of Figure 12 .18 .
It is doubtful that the ILLI-BACK program can be applied to backcalculate th e
k-value of the subgrade and AC layer combined, because the AC layer may have to b e
considered as part of PCC layer, instead of the subgrade . Because of the much lower
k-values recommended in the NCHRP report, it was cautioned in Appendix L of th e
1993 design guide that Figure 12.18 was developed by using an elastic layer computer
program, without verification from field deflection data . This shortcut might yiel d
reasonable values in some instances, but it could yield unreasonably high values i n
other instances. Further research into support for PCC overlays, including deflectio n
testing on in-service PCC/AC pavements and the backcalculating of effective k-values ,
is strongly encouraged .

Example 13 .19 :

JPCP overlay of AC pavement (NW-10)
Existing pavement: AC surface 4 in ., crushed stone base 14 in .
Find k : From NDT, MR = 14,218 psi (by Eq. 13 .22), Ep = 21,611 psi (by Eq .
13 .25) . With MR = 14,000 psi, DAB = 18 in., EsB = 22,000 psi, from Figure 12 .18,
dynamic k-value = 800 pci, or static k-value = 400 pci .

Find Df: Nf = 2,300,000 (rigid ESALs), R = 95%, So = 0.35, P1 = 4 .5, p2 = 2.5 ,
k = 400 pci, J = 3.2, Cd = 1 .00, EE = 4.2 X 10 6 psi and, Sc = 690 psi, from
Figure 12 .17, Df = 7.4 in . If a k-value of 137 pci, as recommended in the NCHRP
report, were used, Df = 8.1 in.
Check with Eq . 12 .21 : log W18 = - 1 .645 x 0.35 + 7 .35 log(7 .4 + 1) – 0 .06 +
log(2/3)/[1 + 1 .624 x 10/(7 .4 + 1)8.46] + (4 .22 – 0 .32 x 2.5) log {[(690 X 1) /
(215 .63 x 3 .2)][(7 .4)075— 1 .132]/[(7 .6) 0 .75–18.42/(4.2 x 10 6/400) 0 .25]} = -0.576 +
6.793 – 0 .06 – 0 .141 + 0 .341 = 6 .357 or W18 = 2,275,097 ok
Find DoL: From Eq . 13 .40, DoL = 7.4 in. of PCC.

SUMMARY

This chapter presents several methods for overlay design, including the Asphalt Insti-
tute method, the Portland Cement Association method, and the AASHTO method .

Important Points Discussed in Chapter 1 3

1. Either HMA or PCC can be used as an overlay on an existing flexible or rigid pavement .
If both the overlay and the existing pavement are flexible, then an elastic layer progra m
can be used as a mechanistic design model . If either the overlay or the existing pavement
is rigid, then a finite element plate program should be used . Applying stress adjustment
factors for edge and corner loading has made possible the use of an elastic layer program
for the design of HMA overlays on PCC pavements .

2. A major problem in the design of HMA overlays on PCC pavements is the occurrence o f
reflection cracking. The most common methods for minimizing reflection cracking include
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using a thicker overlay, cracking and seating the existing PCC slabs, incorporating a crac k
relief layer, and sawing and sealing joints on the HMA overlay. However, there has bee n
some controversy about the effectiveness of cracking and seating . It was reported that
cracking and seating only delayed, rather than eliminated, the reflection cracking . Also ,
the AASHTO design method assumes that cracking and seating cause a decrease in th e
structural capacity of the existing pavement, but a recent study conducted by Pennsylvani a
State University indicated that there was no significant loss of structural support or de -
crease in the modulus of elasticity on the crack and seat pavement sections.

3. Three general methods can be used for overlay design : the effective thickness approach,
the deflection approach, and the mechanistic–empirical approach . In the effective thick-
ness approach, the thickness of the existing pavement is reduced to an effective thicknes s
depending on the conditions of its component layers . The difference between the require d
thickness of a new pavement and the effective thickness of the existing pavement is th e
thickness of overlay required . In the deflection approach, the thickness of overlay shoul d
be sufficient to reduce the pavement deflection to a tolerable amount, usually derived em-
pirically from the amount of traffic . In the mechanistic–empirical approach, the critica l
stresses or strains in the existing and the overlaid pavements are determined by mechanis-
tic models, and the damage due to traffic loads and environmental causes is evaluated t o
ensure that failures will not occur .

4. The Asphalt Institute employs both the effective thickness and the deflection methods for
the design of HMA overlays on both flexible and rigid pavements . In the effective thick-
ness method, the conversion factors based on the conditions listed in Table 13 .3 must b e
applied to each layer to obtain an effective thickness equivalent to the thickness of ne w
HMA. The difference between the required thickness of a new full-depth pavement and
the effective thickness of the existing pavement is the thickness of overlay required . If the
existing pavement is of full depth, the PSI of the existing pavement at the time of overla y
can also be used directly for determining the conversion factor, as shown in Figure 13 .2 . In
the deflection method, separate procedures are used, depending on whether the existin g
pavement is flexible or rigid . For flexible pavements, the overlay thickness can be obtaine d

from Figure 13 .5 as a function of the representative rebound deflection, RRD, and of th e
ESAL repetitions during the overlay period . For rigid pavements, unless special tech-
niques described in Section 13 .1 .2 are used to minimize reflection cracking, the thicknes s
of HMA overlay depends on the slab length and the maximum annual temperature differ-
ential, as shown in Figure 13 .7 . Prior to the overlay, deflection measurements by Benkel-
man beam should be made at the joints to determine both the mean deflection and th e
differential deflection . After the overlay, the mean deflection must be reduced to less than

0 .014 in. (0.36 mm), the differential deflection to less than 0 .002 in . (0 .05 mm) . The de-
crease in deflection after the overlay can be estimated by assuming that each inch of HMA

overlay will reduce the deflection by 5% . If the mean and differential deflections canno t
be reduced below the specified values, undersealing or stabilization of the subgrade will b e

required.
5. The Portland Cement Association has published design charts for both unbonded an d

bonded PCC overlays on existing rigid pavements . The method is considered mechanistic–
empirical because the JSLAB finite element computer program was used to prepare th e
design charts . The many arbitrary assumptions employed make the method more empiri-
cal than mechanistic. For example, the modulus of existing PCC pavement in the unbond-
ed pavement system is arbitrarily assumed to be 3 X 10 6 to 4 X 106 psi (21 to 28 GPa) ,
regardless of the actual fatigue damage caused by the load repetitions prior to the overlay.
Furthermore, the concept of providing an overlaid pavement that is structurally equiva-
lent to a new full-depth pavement is approximate at best, because the equivalency
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depends on a large number of factors, such as the k value and the type of loading . Anoth-
er inconsistency is the use of different load groups to design a new pavement but the us e
of equivalent 18-kip (80-kN) single-axle loads to relate the overlay thickness to the new
pavement thickness. However, the PCA method does provide a simple procedure for the
design of both unbonded and bonded overlays. Design charts for unbonded overlays ar e
presented in Figures 13 .10, 13 .11, and 13 .12 for three different cases . Some judgment o n
the condition of existing pavement is needed to select the appropriate chart for use . The
design chart for bonded overlays is shown in Figure 13 .14 .

6 . The AASHTO design procedure is based on the structural deficiency approach. The basic
equation is

(SCoL) n = (SCfr — (SCeff) '

	

(13 .18 )

in which SCoL = required structural capacity of the overlay, SC f = structural capacity of
a new pavement to carry future ESALs during the overlay period, SC eff = effective struc-
tural capacity of the existing pavement, and n = an exponent with the value 1 for all case s
except for the unbonded PCC overlays on PCC pavements, where n = 2 . If the overlay or
the existing pavement has a rigid layer, the structural capacity is the thickness of PCC, D ;
if all layers are flexible, the structural capacity is the structural number, SN . Seven cases o f
overlay design (AC overlay of AC, AC overlay of fractured PCC, AC overlay of PCC, A C
overlay of AC/PCC, bonded PCC overlay of PCC, unbonded PCC overlay of PCC or
AC/PCC, and PCC overlay of AC) and three methods to evaluate S Ceff (condition survey,
NDT, and remaining life) were discussed . However, the only method applicable to al l
cases is the condition survey, and the only case to which all three methods can be applie d
is the AC overlay of existing AC pavement . When the overlay design is based on SN, the
condition survey method involves the evaluation of layer and drainage coefficients in thei r
existing conditions ; when the design is based on D, it involves the estimation of adjustmen t
factors for joints and cracks, durability or "D" cracking, and/or fatigue cracking of the ex-
isting slab . The NDT method is recommended in all cases to determine the resilient mod-
ulus, MR , or k-value of the subgrade, but its application to the evaluation of S Ceff is limited
to AC overlay of existing AC pavement . The remaining life method can be applied when
the existing pavement is preserved and used as a structural component, but only when th e
historical traffic data is available . The thickness design procedures for the seven cases ar e
different ; each is illustrated by a practical example .

PROBLEM S
13 .1 A flexible pavement is composed of a 4-in . HMA surface and a 12-in. crushed stone base .

Deflection measurements were made in the spring by using a Benkelman beam. The mea n
deflection was found to be 0 .034 in ., with a standard deviation of 0 .0041 in . The mea n
pavement temperature during the test was 80°F. Determine the thickness of HMA overlay
required for a design ESAL of 10 million, using the Asphalt Institute's equations, an d
compare it with the result from the design chart . [Answer : 4.5 in . ]

13.2 The representative rebound deflection on a flexible pavement is 0 .055 in . If the traffic
growth rate is 6% and the pavement is to be used for five years before the placement of a
new overlay, what is the maximum allowable ESAL during the current year? [Answer :
30,100 ]

13.3 A CRCP has a crack spacing of 10 ft and a temperature differential of 56°F. Measure d
edge deflection by Dynaflect is 0 .0007 in. By the Asphalt Institute procedure, determin e
the required thickness of asphalt overlay and check for whether undersealing is required .
[Answer : 4 in ., undersealing not required]



Problems 65 3

13 .4 An existing 8-in . PCC slab is in fairly good condition but does not have sufficient structur-
al capacity to carry the anticipated traffic . Twelve core samples were taken from the exist-
ing pavement at midslab about 2 ft from the edge, and the following splitting tensil e
strengths were found: 500, 453, 554, 450, 513, 488, 512, 468, 532, 520, 420, and 556 psi . The
thickness of a new slab to carry the anticipated traffic is 11 in . Determine the thickness of
overlay required by the PCA method for both the bonded and the unbonded case .
[Answer : 3 .5 and 9 in . ]

13 .5 An AC overlay with al = 0 .44 is to be placed on an existing AC pavement . The existing
pavement has an AC surface of 1 .5 in. and a stabilized base of 6 in . Results of NDT with a
5 .9 in . plate under a 9000-lb load give deflections of 0 .0161 in. at the center of plate and
0.00608 in. at a distance of 36 in . from the center . (a) Assuming C factor for MR = 0.33 ,
future ESALs on design lane = 100,000, R = 95%, So = 0.45, pi = 4 .2, p2 = 2 .5, deter -
mine SNf. (b) Determine Do L by NDT method . (c) Assuming a l = 0 .35 and a2 = 0 .25 ,
determine Do L by the condition survey method and describe the conditions of the existin g
AC surface and stabilized base . (d) Assuming past ESALs in design lane = 95,000 ,
pi = 4 .2, p 2 = 1 .5, a l = 0.44 and a 2 = 0.33, determine Do L by the remaining life method .
[Answer : 3 .47, 1 .9 in., 3 .3 in., and 3 .2 in. ]

13.6 An AC overlay with a l = 0.44 is to be constructed on a rubblized PCC pavement . The
existing slab to be rubblized has a thickness of 10 in ., and the granular base has a thicknes s
of 6 in . Results of NDT on the PCC surface prior to rubblizing using a 5 .9 in. plate under a
9000-lb load give deflections of 0.0041 in . at the center of the plate and 0 .0027 in . at a dis-
tance of 36 in . from the center . (a) Determine E, from Figure 13 .17 and compare it with
that from Figure 13 .20 . Why is the value so large? (b) Assuming C factor = 0 .167 for effec-
tive MR, future ESALs on design lane = 6,700,000, R = 95%, So = 0 .49, pi = 4.5 ,
p2 = 2 .5, determine SNf . (c) Assuming a l = 0 .25 and a2 = 0 .05, determine DoL and
describe the conditions of the rubblized PCC and base. [Answer : 860,000 vs 1,100,000 psi,
6 .0 and 7 .3 in . ]

13 .7 An AC overlay is planned for an existing JRCP. The existing slab thickness is 8 in. NDT was

performed to backcalculate the dynamic k-value and the modulus of concrete, E0 , under a
dynamic load of 9000 lb . The deflections measured at distances of 0, 12, 24 and 36 in . are 5 .2,
4 .5, 3 .5, and 2 .9 mils, respectively. (a) Determine E, and the static k-value. (b) Using E, and
the k-value determined in part (a), together with Eq . 7 .56a and assuming future ESALs on
design lane = 80,000,000, R = 95%, S o = 0 .30, pi = 4 .5, p 2 = 2 .5, Cd = 1, J = 2 .2, P, =
0.95, fiat = 0.95, and Faun = 1 .00, determine Do L and describe the conditions of existing

PCC pavement . [Answer: 3 .4 x 10 6 psi, 150 pci, and 7 .6 in . ]
13.8 An AC overlay is to be placed on an existing AC/CRCP pavement. The existing pavement has

a 3-in . AC surface and a 7-in. slab. The average of four sets of NDT tests on the existing pave -
ment results in a dynamic k-value of 362 pci and an E, of 2 .1 X 106 psi . Assuming future
ESALs on design lane = 10,000,000, thickness of AC to be milled = 0 .75 in. ,
R = 95%, So = 0.35, p i = 4 .5, p2 = 2 .5, Cd = 1, J = 2 .6, F, = 0 .80, Fdur = 0.80, and

Fac = 0 .85, determine DoL and describe the conditions of existing pavement. [Answer : 7 .2 in. ]
13.9 Same as Problem 13-8, except that a PCC overlay and a joint and crack adjustment factor ,

F cu, of 0 .9 are used, determine the thickness of PCC overlay required . [Answer: 7 .2 in . ]
13 .10 A bonded PCC overlay is planned for an existing JPCP . The existing slab thickness is 8 .2

in . NDT was performed to backcalculate the dynamic k-value and the modulus of con-
crete, Ec , under a dynamic load of 8500 lb . The deflections measured at distances of 0, 12 ,
24 and 36 in . are 3 .68, 3 .08, 2 .64, and 2 .23 mils, respectively. (a) Determine E c and the stat-

ic k-value, and (b) using the Ec and static k-value obtained from NDT and assuming futur e

ESALs on design lane = 11,000,000, R = 95%, S o = 0.35, p i = 4 .5 . p2 = 2 .5, Cd = 1,
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J = 4 .0, F e = 1 .00, Ffar = 0 .95, and Fd „ . = 1 .00, determine Do L and describe the condi-
tions of existing PCC pavement . [Answer : 4 .6 X 106 psi, 190 pci, and 3 .8 in . ]

13.11 Same as Problem 13-10, except that the PCC overlay is unbonded and F c „ = 0 .98 ; deter -
mine the thickness of overlay required . [Answer : 8 .4 in .]

13.12 A JPCP is to be placed on an existing AC pavement . The existing pavement has an AC sur-
face of 5 .5 in. and a crushed stone base of 12 in. Results of NDT with a 5 .9 in . plate under
a 9000-lb load give deflections of 0 .0241 in . at the center of the plate and 0 .00445 in . at a
distance of 36 in . from the center. Assuming future ESALs on design lane = 4,200,000 ,
R = 95%, S o = 0 .35, pi = 4 .5, p 2 = 2 .5, J = 3 .2, Cd = 1, S c = 690 psi, and E, = 4 .2 x
106 psi, determine the thickness of overlay required by using Figure 12.17 . Substituting th e
thickness into Eq . 12 .21, check W18 with the assumed ESALs . [Answer : 8.3 in .]



Theory of Viscoelasticity

This appendix is a supplement to Section 2 .3 on viscoelastic solutions and Section 7 .2 . 1

on dynamic complex modulus . It discusses the use of differential operators to charac-
terize viscoelastic materials, the application of the elastic—viscoelastic correspondence

principle with the use of Laplace transforms, the conversion from creep compliance t o
the mechanical model by the method of successive residuals, and the change from th e

complex modulus to creep compliance by Fourier transforms . Readers with only basi c

calculus and without prior knowledge of these transforms should have no difficulty i n

following the presentation . This appendix is presented to give an insight into the classi-
cal theory of viscoelasticity.

A.1

	

DIFFERENTIAL OPERATOR S

To facilitate the application of Laplace transforms, the mechanical models may be con-
verted to differential operators . Let a/at = D = differential operators .

For an elastic spring, a- = EE
o-

or
e

= E (A.1)

For a viscous dashpot,
a E

a- = A
at

o-
or

e
= AD (A.2)

For a Maxwell model with a spring and a dashpot in series, the total strain is equal t o

the sum of the two:

if_

~ +E0 A 0 D

a-

	

1

	

_ EoToD

E

	

1/E0 + 1/(AoD)

	

T0 D +

1 In In these equations, To = Ao/Eo . Note that Eo and A0D are the stress–strain ratio of the

spring and dashpot, respectively. When two models are connected in series, the
stress—strain ratio is the reciprocal of the sum of the reciprocal of the two stress—strai n

65 5
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ratios. For a Kelvin model with a spring and a dashpot in parallel, the total stress i s
equal to the sum of the two :

O = E1 E+ADE

-=E1 + .t 1D=E1 (T1D+1 )
E

For a generalized model with one Maxwell model and n Kelvin models in series, by th e
foregoing reciprocal principle ,

a- 1
(A.5 )

E ToD+1 1
EoToD + Ei(TD+1)

Example A .1 :

Express the stress–strain ratio of the model shown in Figure 2 .35a as differential
operators.

Solution; Given Eo = 2, To = 5, El = 10, T1 = 10, E2 = 5, T2 = 1, E3 = 1, and T3 = 0 .1, from
Eq.A.5,we obtain

Q 1
E 5D+1 1 1 1

10 D
	 +

10(10D + 1)
+

5(D + 1)
+

0.1D + 1

10D 4 + 111D 3 + 111D2 + 10 DE _

•

_

E 5D 4 + 158 .6D 3 + 197 .9D2 + 29 .1D + 1

It can be seen that Young's modulus of viscoelastic materials can be expressed as the quotien t
of two polynomials in terms of the differential operator D . The use of differential operation s
to describe the stress–strain relationship is for convenience only . Otherwise, Eq . A.6 shoul d
be written a s

a4Q

	

a 3 -

	

2Q

	

as

	

a 4E

	

a3E

	

0 2 E

	

aE5
at4

+ 158 .6
at3

+ 197.98
at2

+ 29.1
at

+ a- = 10— + 111— + 111
2

+ 10— (A .7 )
ar

	

at

	

at2

Example A .2 :

Figure A.1 shows a viscoelastic model. Derive the governing differential equation of the mode l
by using differential operators . Integrate the equation for the following two cases : (a) find the
strain–time relationship when a constant stress cro is applied to the model and (b) find th e
stress–time relationship when a constant strain Eo is applied to the model .

or

(A.4 )

or

(A.6 )
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FIGURE A . 1

T2

Example A .2.

Solution : The stress-strain relationship of an elastic spring is indicated by Eq . A.1, that of a
Maxwell model by Eq . A .3 . When the two are connected in parallel, as shown in Figur e

E2T2D = T2 (E i + E2)D + El
• =E (A.8 )
E 1

+
T2D+1 T2D+ 1

The governing differential equation i s

T2 — + v = T2 (El + E2) aE + El€

	

(A.9 )
at

	

a t

(a) When a constant stress o ro is applied, the model experiences an instantaneous strain ,

o-o/(El + E2), due to the stretching of the two springs. If a- = oo, then, from Eq . A .9,

dE
o'o=T2(El+E2)dt +E 1e

E

	

dE

	

1

	

foi(E+E,) a
-

T2(El + E2 )
	 fdt

	 t	
- In(uo-E1E)

	

=T E + E1

	

ao(E,(t,)

	

2(l

	

2 )

E = E - E E+z E
	 exp [

TEE+ E}

	

(A.10)
1

	

1

	

z

	

T2 ( El E2)

(b) When a constant strain Eo is applied, the model experiences an instantaneous stress,

(El + E2) Eo . If E = Eo, then, from Eq. A.9 ,

dcr	 1
dt

	

fEj+E2)€OE1€0 — Q

	

T2 0

t

	

(E i +E2) EO

	

T2

t
Q = Eo[El + E2 exp

C-

	

(A.11)
z

A.2

	

ELASTIC-VISCOELASTIC CORRESPONDENCE PRINCIPL E

Instead of using a Dirichlet series to fit the responses at various times, as presented i n

Section 2 .3 .2, the elastic-viscoelastic principle can be applied to obtain the viscoelasti c

– In (El € o – o-)
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solutions from the elastic solutions . In this traditional method, a Laplace transform i s
applied to remove the time variable t with a transformed variable p, thus changing a
viscoelastic problem into an associated elastic problem . The Laplace inversion of the
associated elastic problem from the transformed variable p to the time variable t re-
sults in the viscoelastic solutions . For simple problems, this method can give the closed -
form solutions directly. However, for viscoelastic layered systems, it is not possible t o
obtain Laplace inversion, and an approximate method of collocation must be used . Be -
cause the collocation with respect to the transformed variable p does not offer any ad -
vantage over that with respect to time t, the Laplace transform was not used in th e
development of KENLAYER .

A.2.1 Laplace Transform

Instead of stresses, strains, and loads, the Laplace transform of stresses, strains, an d
loads is considered in viscoelastic analysis . When the Laplace transform is applied, th e
time variable t is removed and is replaced by the transformed variable p, thus changin g
the viscoelastic problem into an elastic problem . The Laplace inversion ofp to t result s
in the viscoelastic solution . The Laplace transform is defined a s

L[F(t)] = J F(t)e -P` dt

	

(A.12 )
0

cc

in which F(t) is a function of time t, and p is a transformed variable . After integration of
Eq. A.12 and substitution of the limits of t, F becomes a function of p .

If the applied load q is a constant independent of time, the Laplace transfor m
of q is

CO

f
o

L(q ) =

	

qePt dt = - e-P t

P

CO

o

	

p
(A.13 )

in which p is a transformed variable . (A bar on top of a variable indicates the Laplac e
transform of the variable. )

The stress-strain relationship of viscoelastic materials can be expressed in the for m
shown by Eq. A.7 . To remove the time variable t, Laplace transforms are applied to the
stress or strain on each side of the equation . Take the first derivative, dQ/dt, for example :

L(	
do ) = f~ dt

_dcr e_pt
dt = J cp,

du
0

	

0

= o e-Pt

00 -

J ~cr d(e Pt )
o

	

o
If the material is initially undisturbed, or a- = 0 at t = 0, the first term is equal to
zero, or

L(	
d t
	

) = p"ci e-Pt dt = pci

	

(A.14 )
0

Equation A .14 indicates that the Laplace transform of aQ/at, or Do-, is simply the re -
placement of D by p and a- by U . For the second derivative,
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d2a

	

~~ d2~ pt

	

do-

~~ dt 2 ) _ - Jo dt2
e dt =

fCejt
d~ d

t

d

	

do-dcrept

	

J

	

d(ept)o

	

0

If the material is initially undisturbed, or do-ldt = 0 at t = 0, the first term is equal to
zero, or

2

L( d
dt2)

= p J du e -pt dt = p2 -if

	

(A.15 )
0 dt

As can be seen, the Laplace transform for the second derivative requires the replacemen t
of D 2 by p2. The same process can be applied to higher derivatives by replacing Dr' by p 7' .
Consequently, the Laplace transform of Young's modulus, as indicated by Eq . A.6, become s

lOp4 + 111p 3 + 111p2 + 10p
E

e 5p4 + 158.6p 3 + 197.9p 2 + 29.1p + 1 (A
.16)

When a viscoelastic material is characterized by a generalized model and a computer i s
used for the analysis, it is more convenient to apply Eq . A.5 directly:

1
E=T

op + 1 +E 	 1	

E oTop

	

i=1 Ei (T p + 1 )

The Laplace transform of e ttT is also of interest and can be calculated as

L(e-"T) =
J

~e -tTep` dt =
J

e-[(Tp + i)iT]t d t
o

	

o

(A.17)

T

	

e[(Tp+1)/T]t
00

	

T

o Tp+1 (A.18 )
Tp + 1

Example A.3 :

Figure A.2 shows a viscoelastic homogeneous half-space under a circular loaded area.
The half-space has a Young's modulus characterized by a Kelvin model and a constan t
Poisson ratio v . Derive an expression for the vertical deflection at the center of th e
loaded area as a function of time .

q

A

FIGURE A . 2

Example A.3 .
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Solution: The elastic solution can be obtained from Eq . 2 .8 :

2(1 – v 2 )q a

	

wo

	

E

Consider the Laplace transforms of deflection, load, and Young's modulus :

	

_

	

2(1 – v 2 )q a

	

wo

	

E

From Eq. A .13, = alp, and from Eq . A.17, with only one Kelvin element, El = E1 (Tip + 1) ,
so Eq . A.19 becomes

2(1 – v 2 )q a – 2(1 – v 2 )q a 1	 Ti
o

	

_	

	

E1 p ( Tip + 1 )

	

Ei

	

(p T1p + 1~
(A.20 )w

Equation A .20 can be easily inverted fromp to t, because 1/p can be inverted to 1, as indicated by
Eq. A.13, and Tl /(Tip + 1) can be inverted to Cal, as indicated by Eq . A .18 :

2(1 – v2 )q a

	

t
wo

	

El

	

[
1 – exp ( T

i) ]

	

(A.21 )

When the Poisson ratio is a constant, Eq . A.21 indicates that the viscoelastic deflection is equa l
to the elastic deflection multiplied by (1 – e t/T1), which is the expression for a Kelvin model .
Because the stresses in a homogeneous half-space are independent of E, the same stresses will
be obtained whether the half-space is elastic or viscoelastic . It can be shown that, if the half-
space is characterized by the generalized model shown in Figure 2 .33f, the surface deflection is

	

wo = 2(1 – v2)q a[—( l
1

	

+ t + E 1 (1 – etIT ,)
E o To/

	

Ei

Example A.4 :

If the model shown in Figure A .1 is used to characterize a homogeneous half-spac e
subjected to a circular load of intensity q and radius a, as shown in Figure A.3, expres s
the surface deflection at the center of the loaded area in terms of q, a, v, Et , E2, and T2
by the elastic–viscoelastic correspondence principle .

2a

q

vgiven

	

t wo=?

FIGURE A.3

ExampleA.4 .

(A.19 )

(A.22)
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Solution: From Eq . A .8,

Q T2(Ei +E2)p+Ei
E

	

T2p+ 1

Substituting Eq . A .23 into Eq. A.19 give s

2(1 — v2 )q a(T2p + 1)

w°=2(1—v2)gp+T2(Ei+Ez)p+El]

	

(A.25)

When Eqs. A.24 and A.25 are compared for constant and p terms, it can easily be shown tha t
Elx = 1, or x = 1/El and T2 (Ei + E2 )x + y = T2 , or y = T2 — T2(El + E2 )/El = —T2 E21E1 .
Therefore, Eq . A.25 can be written a s

w

	

2(1 — v2 ) q a 1 _	 T2 E2

°

	

El

	

[p T2(Ei + E2)p + E1]

	

(A.26)

Laplace inversion of Eq . A .26 results in

2(1 — v 2 )q a

	

E2

	

f	 Ei t
w0

	

E

	

{ 1 E+ E2 exp L T2 E+ E2 ]}

	

(A.27)

Note that the terms in the braces are the same as those of Eq . A .10, as is expected .

A.2.2 Collocation Metho d

The problem involving a layered system is not as simple as that of a homogeneou s
half-space. First, each layer has its own elastic modulus, and the complex interactio n
among these moduli means that the deflection cannot be expressed as a function of p
in closed forms, as shown by Eq. A.20 . Second, even if the deflection can be expressed
as a polynomial of p, it is of such a high degree that it is difficult to invert . However,
the Laplace inversion can be most conveniently accomplished by a collocatio n
method (Huang, 1967) .

In Section 2 .3 .2, it was shown that the viscoelastic response R can be expressed as
a Dirichlet series :

R = E ci exp
=1

	

z

The Laplace transform of Eq . 2 .49 is

c i Ti
R =

		

(A.28a)
i_ i Tip + l

Multiplying Eq. A.28 by p yields

w° =
p [T2(El + E2)p + E1]

Equation A.24 can be split into two terms :

(A.23)

(A.24)

7

	

/ t

Ti
(2 .49)

pR = E

	

c i

— t + 1/(Tp)
(A.28b)
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For any given value of p, pR is simply the elastic solution having the elastic modulu s
expressed as a function of p, as indicated by Eq . A.17 . If retardation times Ti of 0 .01 ,
0 .03, 0 .1,1,10, 30, and co are assumed, the coefficients c, can be obtained by solving th e
following simultaneous equations :

(PR )p=1/0.0 1

(PR )p=1/0 .0 3

(PR)p=1/0. 1

(P R )p= 1

(PR )p=1no

(PR),-1/30

	

(PR )p= l oco

	

(A .29 )

The above procedure is very similar to that presented in Section 2 .3 .2 . If the vis-
coelastic property is characterized by the creep compliance, the use of the method pre-
sented in Section 2 .3 .2 is more direct. If the elastic-viscoelastic correspondence principle
is employed, it is necessary to convert the creep compliance into a mechanical model wit h
the elastic modulus indicated by Eq. A.17 . For this reason, the elastic-viscoelastic corre -
spondence principle and the Laplace transform were not used in KENLAYER .

A.3

	

METHOD OF SUCCESSIVE RESIDUAL S

This method is used to determine the constants E1 and Ti of a viscoelastic material di-
rectly from the creep curve, rather than arbitrarily assuming Ti and then computing E•
by the collocation method, as described in Section 2 .3 .2 . First, the creep compliances D
due to retarded strains are determined by deducting the instantaneous and viscou s
strains from the total strains, as shown in Figure A .4. The actual number of Kelvin mod -
els required is not known at this time but can be determined later . For illustration, it is
assumed that three Kelvin models are needed to describe retarded strains :

D = 1 [1 -exp( -t)]+ 1 [1 -exp(—91
+
1 [1 -exp( -t ] (A.30)

E l

	

\ i

	

E2

	

E3

	

T3

Let
1

	

1

	

1
b=—+—+

E1 E2 E3

so that Eq . A .30 can be written as l

	

/

	

l

	

/

	

l
S l =b - D= l expl-t + 1 exp-t + 1 exp-t I

	

(A .31 )
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FIGURE A . 4
time

	

Separation of creep compliances .

FIGURE A . 5
t

	

Method of successive residuals .

If Tl is much greater than T2 and T3 , then, after a sufficient period of time, the last tw o
terms on the right side of Eq . A.31 vanish :

	

(-f)
S 1 =

E1
exp

	

(A.32)

Equation A.32 shows that a plot of log S1 versus t results in a straight line, as indicate d
by Eq. A.33 and Figure A .5 :

log SI = log 1 —
0 .4341

	

(A.33 )

	

CE1

	

Ti
The slope of the straight line can be used to determine T 1 , and the intercept at t = 0
can be used to determine E1 . After El and T1 are found, Eq . A.31 can be written as
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S2 =b-D- 1 exp t)= 1
exp -t)+	 1expI-t I (A.34 )

El

	

Tt

	

E2

	

T2

	

E3

	

T3

in which S2 is the vertical intercept between the curve and the straight line . If T2 is
much greater than T3 , a plot of log S2 versus t should also finally become a straight line ,
so T2 and E2 can be determined . The process is continued until the intercept becomes
negligibly small .

Example A.5:

The creep compliances of a viscoelastic material are shown in Table 2.4 . Develop a
mechanical model and determine its viscoelastic constants .

Solution : The generalized model is represented by Eq. 2 .36 . When t = 0, D = 1/Eo . From
Table 2 .4, D = 0.5 when t = 0, so Eo = 2. At long loading times, only the viscous strains exist .
The rate of change in compliance due to viscous strains is 1/(EoTo), as can be seen from Eq. 2 .2 9
or 2.36 . At t = 40, D = 5 .798 and at t = 50, D = 6 .799, so the change in compliance per uni t
time is (6 .799 - 5.798)/10 = 0.1, and EoTo = 10, or To = 5 .

Table A.1 shows the procedure for computing successive residuals . Column 2 is
the compliance of the dashed line shown in Figure A.4 and can be computed by
6.799 - (50 - t) x 0.1 . Column 3 is given in Table 2 .4 . Column 4 is the difference be-
tween columns 2 and 3 . A plot of log Sl versus t is shown in Figure A .6 and results in a

TABLE A .1

	

Computation of Successive Residual s

Compliance

Time (1) Dashed line (2) Total (3) S I (4)
exp(

	

t/Ti) (5)
S2 (6)

exp(

	

t/Tz) (7)
S 3 (8 )E l E2

0 1 .799 0 .500 1 .299 0 .100 1 .199 0 .200 0 .99 9
0 .05 1 .804 0 .909 0.895 0 .099 0.796 0 .190 0 .60 6
0 .1 1 .809 1 .162 0.647 0 .099 0 .548 0.181 0 .367
0.2 1 .819 1 .423 0.396 0 .098 0 .298 0.164 0 .134
0.4 1 .839 1 .592 0 .247 0.096 0.151 0 .135 0 .016
0 .6 1 .859 1 .654 0.205 0 .094 0.111 0 .111 0 .000
0 .8 1 .879 1 .697 0.182 0 .092 0.090
1 .0 1 .899 1 .736 0 .163 0.090 0 .073
1 .5 1 .949 1 .819 0 .130 0.085 0.045

2 1 .999 1 .891 0.108 0 .081 0.027
3 2 .099 2.016 0.083 0.073 0.01 0
4 2 .199 2.129 0 .070 0.066 0 .004
5 2 .299 2.238 0 .061 0.059 0.002

10 2 .799 2 .763 0 .036 0 .035 0.00 1
20 3 .799 3 .786 0 .01 3
30 4 .799 4.795 0 .004
40 5 .799 5 .798 0.001
50 6.799 6 .799 0 .000
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FIGURE A . 6

Example AS .

straight line . The slope of the straight line i s

or Tl = 9.54 . The intercept at t = 0 is 1/El = 0.1, or El = 10 . Column 5 can be calcu-
lated by 0.1 exp(—t19 .54) . Column 6 is the difference between columns 4 and 5 . A plo t
of S2 versus t results in a straight line. The slope of the straight line i s

0 .434 _ log 0 .2 — log 0 .0015

T2

	

5

	

= 0.426

or T2 = 1.02 . The intercept at t = 0 is 1/E2 = 0.2, or E2 = 5. Column 7 can be calculat-
ed by 0 .2 exp(—t/1 .02) . Column 8 is the difference between columns 6 and 7 . A plot of

1

0 . 1

0 .01

4

0 .001
0 5 2520 3 010 1 5
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S3 versus t results in a straight line . The slope of the straight line i s

0 .434 _ log 1 — log 0 .01 7
T3

	

0 .4

	

= 4.424

or T3 = 0.098. The intercept at t = 0 is 1/E3 = 1 or E3 = 1 . Because all points on S3
lie practically on a straight line, three Kelvin models are sufficient to describe th e
creep-compliance curve . The equati

//

on for predicting the creep compliance is

D(t)=ZI1+5)+ [1—exp1 -
9 . 5

t
4)]

+ S I1—exp1—
102) ]

+ [1 — exp (— 0
.098) ]

	

(A.35 )

Note that the values of E are the same as the original model shown in Figure 2 .35a ,
but the values of T are slightly different, as a result of plotting error .

It can be seen that the stress—strain relationship of viscoelastic material can b e
characterized by a mechanical model or a creep curve . When one is known, the other
can be determined .

A.4 COMPLEX MODULU S

The theory of complex modulus can be illustrated by the use of mechanical models .
Figure A .7 shows a Kelvin model subjected to a sinusoidal loading . The sinusoidal
loading can be represented by a complex numbe r

a- = a-0 cos(wt) + ia0 sin(wt) = o.oe`'

	

(A.36)

in which a-0 is the stress amplitude and w is the angular velocity, which is related to th e
frequency f by

= 2irf

	

(A.37 )

By assuming that the inertia effect is negligible, the governing differential equa-
tion can be written as

Al
at

+ E1 E = a-0e
'

	

(A.38)

FIGURE A . 7

Kelvin model under
sinusoidal loading .
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E0e t ( wt -0 )
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Stress Qo sin wt

FIGURE A . 8
Lag of strain behind stress .

The solution of Eq . A.38 can be expressed a s

E = Eoe t(wt-4)

	

(A.39)

in which E is the strain amplitude and 4) is the phase angle by which the strain lags the
stress, as shown in Figure A .8 . Substituting Eq . A.39 into Eq . A.38 gives

iAl€owei(wt-0) + Ei€ oet (wr -0) = ooetwt

	

(A.40)

After canceling etwt on both sides of Eq. A.40 and equating the real terms to o o and the
imaginary terms to zero, we obtain the following two equations to solve for eo and 0 :

A1 w€ O sin 4) + E1 € 0 cos 4) = cro

	

(A.41a)

A 1w€ 0 cos 4) - E1 € 0 sin 4) = 0

	

(A.41b)

The solutions of Eq . A.41 are

	

Eo =
	

u0	 	 (A.42a )
VET + ( A 1 w)2

AI co

	

tan 4) =	 	 (A.42b)
1

It can be seen from Eq. A.42b that, for elastic materials, A l = 0, so 4) = 0 ;
however, for viscous materials, E1 = 0, so 4) = rr/2 . Therefore, the phase angle fo r
viscoelastic materials ranges from 0 to 7r/2 . The complex modulus E* is defined as

or

E* = — cos 0 + i — sin 4)E°

	

E °

The dynamic modulus is the absolute value of the complex modulus

I E* l = 1 I I mo° cos 0 I2 + I moo° sin 0 I 2 = o°

	

(A.44 )
E

(A.43)
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It is interesting to note that the real part of Eq . A.43 is actually equal to the elastic stiff-
ness El and the imaginary part to the internal damping A l w .

Example A.6 :

A sinusoidal loading with an amplitude of 50 psi (345 kPa) and a frequency of 5 Hz i s
applied to a specimen characterized by the Kelvin model shown in Figure A.9 . Deter-
mine the strain amplitude eo, phase angle ¢, and dynamic modulus 1E* 1 .

Example A .6 (1 psi = 6 .9 kPa) .

E l = 105 psi T l = 0 .05 sec

FIGURE A . 9

Solution: Given f = 5 Hz, from Eq . A.37, w = 27r x 5 = 31.416 rad/s . a l = T1 E1 = 0.05 X
105 = 5000 lb-s/in. 2 (35 MPa-s) . From Eq . A.42a, eo = 50/[(10 5 ) 2 + (5000 x 31 .416)2]0 .5 =

2.69 x 10-4 ; from Eq. A.42b, tan 4) = 5000 x 31 .416/10 5 = 1 .57, or 4) = 57° ; and from Eq . A .44 ,
IE* 1 = 50/(2 .69 x 10-4 ) = 1 .85 x 10 5 psi (1 .38 MPa) .

Most viscoelastic materials cannot be simulated by a single Kelvin model ; rather ,
they require a series of Kelvin models. The complex modulus of these models can b e
more easily obtained by the use of Fourier transform similar to the Laplace transform
discussed in Section A .2 .1 . The Fourier transform is defined as

L[F(t)] = J ~F(t)e

	

dt

	

(A.45 )
_oo

For simplicity, the same notations are used for the Fourier transform as for the Laplac e
transform. The Fourier transform of the first derivative dcrldt is

/
d~ l

\

	

D

	

f
cc

Ll

	

f dQe i° dt = J e i°t do-
dt

	

cc dt

	

co

_ a-e t° t

	

— / crd (e-'° )
-oo

	

Do

If the material is initially undisturbed, or a- = 0 when t = — oo, then the first term i s
equal to 0, or

oo

L( d~) = ice) J o-e-"'` dt = hob--

	

(A .46)
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It can easily be proven that the Fourier transform of a n o-lat n , abbreviated as Dno, is
obtained by replacing D with iw and a- with Fr-, similar to the Laplace transform wher e
D is replaced byp:

L(Dn cr) = (iw)"

	

(A.47 )

The application of the Fourier transform to determine the dynamic modulus of a vis -
coelastic material characterized by a generalized model can best be illustrated by th e
following example.

Example A.7 :

Figure A.10 shows a generalized model composed of one Maxwell model and tw o
Kelvin models . If the model is subjected to a sinusoidal loading with a frequency o f
10 Hz, determine the dynamic modulus of the material .

E l = 5 x 10 5 psi

E2 = 105 psi

FIGURE A.1 0
Example A.7 (1 psi = 6 .9 kPa) .

Solution: From Eq. A.5, the stress-strain ratio of the model can be expressed a s

u

	

0 .05D + 1	 	
1	 1	+	 +	 l 1

—

	

J

	

(A .48 )
e

	

[2x105 x0.05D 5 x 105 (0 .05D + 1)

	

105 (0.1D + 1 )

From Eq . A.37, w = 27r x 10 = 62.83 . The complex modulus can be obtained by replacing D i n
Eq. A.48 by 62 .83i. We hav e

E*
(3 .142i + 1)

	

1

	

1

	

6.283i

	

+ 5(3 .142i + 1) + (6.283i + 1 )

	

105

	

_

	

105
(3 .142 — i) + (1 — 3 .142i) + (1 — 6.283i)

	

0 .543 — 0 .372 i

	

6 .283

	

54.361

	

40.476

10 5
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10 5 (0 .543 + 0 .372i )

0 .433

	

= 105 (1 .254 + 0 .859i )

1E* = 105 \/(1 .254) 2 + (0.859) 2 = 1 .52 x 105 psi (1 .05 GPa )

It was shown in Section 2.3 .1 that the stress-strain relationship of viscoelastic ma -
terials can be represented by a mechanical model or a creep compliance curve. If one i s
known, the other can be determined . The complex modulus can also be obtained fro m
the mechanical model, so the creep compliance and complex modulus should also b e
related. As long as the material is ideally viscoelastic, any type of test can be used .
However, to describe the viscoelastic behavior over a large time range, various fre-
quencies should be used to determine the complex modulus .



Theory of Elastic Laye r
Systems

This appendix derives the equations for determining the stresses and displacements i n
a multilayer system under a circular loaded area, as assumed in KENLAYER, an d
under a concentrated nodal force, as applied in KENSLABS .

B .1

	

DIFFERENTIAL EQUATION S

As in the classical theory of elasticity, a stress function 4 that satisfies the governin g
differential equation

v4~=o

	

(B.1a )

is assumed for each of the layers . For systems with an axially symmetrical stress distri-
bution,

(B.lb)

in which r and z are the cylindrical coordinates for radial and vertical directions,
respectively. After the stress function is found, the stresses and displacements can b e
determined by

z
a[(2-v)vzcp- a0" z =

	

2 (B.2a)
az

	

az

a

	

z

	

a2
0"r =

	

vv~ — (B.2b )
az

	

ar e

a

(vv2

	

_ 100 )
cr t

	

(B .2c )
az

	

r ar

v4 —
\ 81,2 + r a + a 2 / \a 2 + r ar + a2/r

	

z

	

r

	

z

67 1
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z
a[(1-v)o2~-a

	

~Tr =
ar

	

az

2

	

l

(B.2d)

w= 1 + 11(1-2v)v 2cp + a

	

+ - I (B.2e)

1+v(a 2~ )u=

	

(B.2f)
E

	

ar az JJ

Because Eq. B.1 is a fourth-order differential equation, the stresses and displace-
ments thus determined will consist of four constants of integration that must be deter -
mined from the boundary and continuity conditions.

Let p = r/H and A = z/H, in which H is the distance from the surface to the
upper boundary of the lowest layer, as shown in Figure 3 .1 . It can be verified easily by
substitution that

H3Jo(mP )
2
	 [A e-m(A,-a) - B,em ( A -a,-J

m

+ C,m le-m(A;-a) - D,mAe (A-A,_ ' ) ]

	

(B.3)
is a stress function for the ith layer which satisfies Eq . B .1, in which Jo is a Bessel func -
tion of the first kind and order 0 ; m is a parameter ; and A, B, C, D are constants of in-
tegration to be determined from boundary and continuity conditions . The subscript i
varies from 1 to n and refers to the quantities corresponding to the ith layer .

Substituting Eq. B.3 into B.2 give s

( o )i = - mJo( mp){[Ai - C,(i - 2v, - mA)] em(A ;-a )

+ [B, + D,(1 - 2v, + mA)] e-m(A-Ai-1 )}

	

(B.4a )

u, = [mfo(mP) - Ji(~P)
]{[Ai + C,(i + mA)] em ( Ar-a) + [Bi - D,(1 - mA ) ]

x e-m(A-a,-,)} + 2v, mJo(mp)[Cie-m(a,-A) - D,e m(A-a ;-1)]

	

(B.4b)

J1(mP){[A, + C,(i + mA)] e-m(l,') + [Bi - D,(i - mA)] em(a-a,-,)}
P

+ 2vi mJo(mp)[Cie-m(a;-a) - Die'(A-")]

	

(B.4c )

= mJI (mp){[A, + C,(2v i + mA)] e -m(A;-A )
-[Bi - Di (2v, - mA)] e-m(A-A,-,)}

	

(B.4d)

Jo(mp){[Ai - Ci(2 - 4vi - mA)] e-m(A,-A )
E,

- [B i + D,(2 - 4vi + mA)] e-m(A-Ai-1 )

	

(B.4e )

(u

( Trz

1 + v l
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1+vti

= E, J1(mP){[Ai + Ci (1 + mA)] em(A, -A )

+ [Bi - D,(1 - mA)]em(A-a-0} (B.4f)

in which o- is the stress in the vertical or z direction ; o-,. is the stress in the radial or
r direction ; o-, is the stress in the tangential or t direction ; Trz is the shear stress ; w is th e
displacement in the vertical or z direction ; u is the displacement in the radial o r
r direction ; and J1 is a Bessel function of the first kind and of order one. The subscript
i outside the parentheses indicates the ith layer . A star superscript is placed on thes e
stresses and displacements because they are not the actual stresses and displacement s
due to a uniform load q distributed over a circular area of radius a, but are those due to
a vertical load of -mJo(mp), as can be seen from Eq. B.4a when the terms within th e
braces are set to 1 .

B.2

	

CIRCULAR LOADED ARE A

To find the stresses and displacements due to a constant load q distributed over a cir-
cular area of radius a, the Hankel transform method is employed . The Hankel trans-
form of such load is

a
f(m) = faqpj0(mp) dp = m Jima)

in which a = a/H . The Hankel inversion of f (m) is

q(p) = f f(m ) mJo(mp ) dm = qaf ~ Jo( mp) Jima ) dm

	

(B.6 )
o

	

o

If R * is the stress or displacement in Eq . B .4 due to the loading -mJo(mp) and R is that
due to load q, and tension is considered negative, the n

00
R = qa f

R*
J1 (ma) dm

	

(B.7 )
o m

The analysis of layered systems can therefore be summarized into the followin g
steps :

1. Assign successive values of m, from 0 to a rather large positive number until R in
Eq. B .7 converges.

2. For each value of m, determine the constants of integration, A i , B 1 , C i , and Di ,
from the boundary and continuity conditions, which are discussed later .

3. Substitute these constants into Eq . B .4 to obtain R * .

4. Determine R from Eq . B .7 by numerical integration .

In the numerical integration, the zeros of Jo(mp) and J1 (ma) are determined and
the integral between these two zeros is evaluated by a four-point Gaussian formula . In
view of the fact that the first cycle of integration has to be more finely divided, especially
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when p is large, the interval between 0 and 2 .40483, which is the first zero of Jo, is sub -
divided into six intervals, and that between 2 .40483 and 3 .83171, which is the first zer o
of J1 , is subdivided into two intervals. The integral for each subinterval is also evaluate d
by the four-point formula.

B.3

	

BOUNDARY AND CONTINUITY CONDITION S

At the upper surface, i = 1 and A = 0, the boundary condition s

(oz)1 = -mJo(mP)

	

(B.8a )

( T rz)1 = 0

	

(B.8b )

result in two equations :

e mAl

	

1 A I

	

- (1 2v e-mA1 1 - 2v
ll

C

	

{11

	

(B .9 )
[e-ma,

	

- 1]1BJ + [21e-mAl
1)

	

2v1
1 ] D1J = 0

All the solutions of layered systems presented in Chapter 2 are based on the as-
sumption that the layers are fully bonded with the same vertical stress, shear stress, verti -
cal displacement, and radial displacement at every point along the interface . Therefore ,
when A = A i , the continuity conditions

(cz)i = (° )i+1

	

(B.10a)

( Trz)i = (Trz)i+1

	

(B.10b)

(w*)i = (w*)i+1

	

(B.10c)

(u* )i = (u*)i+1

	

(B.10d)

result in four equations :

1

	

Fi

	

-(1 - 2v i - mA i )

1 -Fi

	

2v i + mA i

1 Fi

	

1+mAi

1 -Fi -(2 - 4v i - mA i )

F i+1

	

1

	

-(1 - 2vi+1 - mA i)Fi+ 1

F i+1

	

-1

	

( 2vi+1 + mAi)Fi+ 1

RiFi+1

	

Ri

	

(1 + mA i)RiF i+ 1

_ R iFi+1 -Ri -(2 - 4vi+1 - mA i)RiF i+ 1
In these equations,

R`

	

Ei+1 1 + vi

The stresses and displacements must vanish as A approaches infinity, so it can b e
concluded from Eq . B .3 that, for the lowest layer with i = n,

(1 - 2vi + mAi ) Fi

	

A i

(2vi - mAi) Fi

	

B i
-(1 - mAi) F

	

Ci
-(2 - 4vi + mAi ) Fi

	

Di

F = e-m(A;-Ai-i )

Ei 1 + vi+ 1

1 - 2vi+1 + mAi

	

Ai+ 1

2vi+1 - mA i

	

Bi+ 1

-(1 - mAi )Ri

	

Ci+ 1

-(2 - 4vi+1 + mA i ) Ri_ D i+1

(B .11 )

(B.12a)

(B.12b)
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A n =C„=0

	

(B.13)

For an n-layer system, there are 4n constants of integration. With An = C„ = 0, the re -
maining 4n — 2 constants can be determined from the 4n — 2 equations, two from Eq .
B.9 and 4(n — 1) from Eq. B.11 .

To save computer times in solving simultaneous equations, a procedure was de -
veloped by which only two equations need be solved, instead of 4n — 2 equations . Thi s
can be achieved by transforming Eq . B.11 to

	

{A i

	

At+ 1
Bi — [ 4x41 Be + 1

	

Ci

	

matrix Ci+ 1
Di Di+ 1

By successive multiplications, the constants for the first layer can be related to those of
the last layer by

A l

B1 — r4x21 f
C1

	

[matrix j Dr,

D1

When Eq . B.15 is substituted into Eq. B.9, two equations with two unknowns, B„ and
D,i, are obtained. After By, and D„ are solved, they can be substituted into Eq . B.14,
with A n = C,, = 0, to obtain the constants for the (n — 1)th layer . The procedure is re-
peated until the constants for every layer up to the first layer are obtained .

If the ith interface, or A = A i , is unbonded or frictionless, the continuation of
shear stress and radial displacement must be replaced by zero shear stress on bot h
sides of the interface:

( crz)i = (° )i+1

	

(B.16a )

(w* )i = (w*)i+1

	

(B.16b)

(TY Z ) i = 0

	

(B.16c )

( TPZ)i+1 = 0

	

(B.16d)

Hence, Eq . B .11 must be replaced by

1 Fi

	

—(1 — 2v i — mA i )

	

(1 — 2v i + mAi ) Fi A i

1 F

	

1 + mA i —(1 — mAi) Fi Bi

1 —F,

	

2vi + mAi (2v i — mAi ) F Ci

0 0

	

0 0 Di

Fi+l

	

1 —(1 — 2v i+1 — mAi) Fi+1 1 — 2v1 + 1 + mA i A i+ 1

RiFi+1

	

R i (1 + mA,)RiFi+1 –(1 – mAi) R i B i+1 (B.17 )
0

	

0 0 0 Ci+ 1
F+1

	

-1 (2v i+1 + mAi) Fi+1 2v i+1 – mA i

	

_ 1 Di+1

(B.14 )

(B.15 )
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Both Eqs . B.11 and B .17 are used in KENLAYER . If any interface is bonded ,
Eq. B .11 applies. If any interface is frictionless, Eq. B .17 applies. The program is more effi -
cient when all interfaces are bonded, because only two equations are to be solved . If some
interfaces are frictionless, the program is less efficient, because more time is needed t o
solve the 4n — 2 equations . KENLAYER was originally developed for bonded interface s
only. When the frictionless interfaces were added, an existing subroutine for collocatio n
was used to solve the 4n — 2 equations . Because frictionless interfaces are very rarel y
used, the requirement of more computer time is not of major concern.

B.4

	

EXTENSION TO CONCENTRATED LOAD

In Burmister's theory, the load is applied over a circular area . In the finite-element
method, the load is concentrated at each node . To find the stiffness of a foundation, it i s
necessary to determine the deflection at a given node i due to a concentrated load at a
given node j. This can be obtained from Eq . B.7 by reducing the contact radius to zero, o r

R

	

1 2 a J R*J1 (ma) dm =	 1Z

Jo
Jl(ma)

Rdm

	

(B .18 )
ira H o m

	

7rH o

	

ma

Since

Jima)
lim

	

= 0 . 5
a–>o ma

(B .19 )

Eq. C.2 becomes

R =

	

J ~R* dm
2TrH 2 o

in which R is the dimensionless deflection and R* is expressed by Eq. B.4e and involves
the Bessel function Jo(mp) . To obtain more accurate results when p is large, a 32-poin t
Gaussian quadrature formula is used for the first cycle of integration, and an 8-poin t
formula is used for the remaining cycles until the specified maximum number of itera-
tions is reached .

The analysis of layered systems under a unit concentrated load can be summa-
rized into the following steps :

1. Assign successive values of m, starting from 0 to a rather large positive numbe r
until R in Eq . B .20 converges.

2. For each value of m, determine the constants of integration, A, B, C, and D, from
the boundary and continuity conditions, as discussed previously .

3. Substitute these constants into Eq . B.4 to obtain R * . In KENSLABS, only th e
vertical deflection w *, or Eq . B .4e, need be considered .

4. Determine R from Eq . B.20 by numerical integration .

(B.20)



KENPAVE Software

The four separate computer programs, viz . LAYERINP, KENLAYER, SLABSINP,
KENSLABS, together with some other graphics programs are combined together t o
form a new software called KENPAVE. KENPAVE was written in Visual Basic and
can be run on computers with Windows 95 or higher . Details on the use of the software
can be found on the computer screens, so only a brief summary of the most importan t
features is presented in this appendix .

Cl

APPEND X

SOFTWARE INSTALLATIO N

The software is stored in a CD and consists of five files : SETUP.EXE, SETUP.LST,
KENPAVEI.CAB, KENPAVE2 .CAB, and KENPAVE3 .CAB. It can be installed on
any computer with Windows 95 or higher . The procedures to install KENPAVE ar e
described below :

1. Insert disk into the CD Drive, say, Drive D. Click the Start button, then click Run ,
and an input box will be shown .

2. Type the drive first followed by SETUP (e.g . D:\SETUP), then click OK, and a
setup screen with some instructions will appear.

3. It is suggested that all the installed files be stored in a default directory calle d
C:\KENPAVE . However, you can override the default and store them in any
directory you want .

4. Follow the instructions on the screen until the message "KENPAVE setup wa s
completed successfully" appears . During the installation, if the message "A fil e
being copied is older than the file in your system . Do you want to keep this file? "
appears, simply click "Yes" as recommended . If an error message appears for a
certain file, click the Ignore button and let the installation continue ; your system
might already have this file, or the destination file might be write protected .

5. Run KENPAVE by clicking the Start button, then pointing to Programs and KEN-
PAVE, and finally clicking KENPAVE . A Main Screen of KENPAVE will appear.

677
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For computers without a CD drive, the software can be installed by copying th e
five files in the CD into three 1 .44MB floppy disks, using a computer with both CD and
floppy disk drives . Copy SETUEEXE, SETUP.LST, and KENPAVEI .CAB to disk 1 ,
KENPAVE2 .CAB to disk 2, and KENPAVE3 to disk 3 . The installation procedures ar e
the same as described above, except that the first two steps should be changed to "In -
sert disk 1 into Drive A and type A :ASETUP. "

After installation, a total of 30 files will be stored in the KENPAVE directory ,
among them KENPAVE.EXE, KENLAYER.EXE, KENSLABS .EXE, LARGE.EXE
(KENSLABS with a large memory), 12 data files in English units, 12 data files in S I
units, DATAPATH for use by drop-down list box, and ST6UNST for software removal.

To remove the software from the computer, click Start, point to Settings, and clic k
Control Panel . Then double-click the Add/Remove Programs icon, and a list box for all
the installed programs, including KENPAVE, will be shown . After clicking on KEN -
PAVE and then on the Add\Remove button, you will have deleted all the previousl y
installed KENPAVE files, including .EXE files and .DAT files.

C .2

	

MAIN SCREE N

Figure C.1 shows the Main Screen of KENPAVE, consisting of two input boxes at th e
top and 11 command buttons at the bottom. The left three buttons are used for flexibl e
or asphalt pavements, the right five for rigid or concrete pavements, and the remainin g
three for general purposes . Details on the use of these boxes and buttons can b e
viewed by clicking the Help button and therefore are not repeated in this appendix .

FIGURE C . 1

Main Screen of KENPAVE .

Data Path :

	

C:WKENPAVE

	

Fitenam

	

LAYI .DA T

KEN PAV E
A Computer Package fo r

Pavement Analysis and Desig n

Developed by Dr . Yang H . Huang . P.E .
Professor Emeritus of Civil Engineering

University of Kentucky
Lexington KY 40506-028 1

KENLAYER K~N~LAB S

L6RAPH

Asphalt

[AYERINP

EDITOR -EEONTOUR
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File LAY1 .DAT is the data file for example 1 of KENLAYER, which is stored in
C:\KENPAVE directory. Clicking the KENLAYER button runs this example, and a
graph can be obtained by clicking the LGRAPH button . Clicking the EDITOR button
and then clicking Examples\KENLAYER\LAY1 menu displays an explanation of thi s
example .

To run SLAI.DAT by KENSLABS, first click the downward arrow on the righ t
side of Filename input box; a drop-down list box will be shown . Then click SLAI .DAT,
and this file will appear in the Filename input box . Click KENSLABS, then SGRAPH ,
and finally CONTOUR . Because this example does not require large memory, there is
no need to click KENSLABS LARGE RAM .

C.3

	

LAYERIN P

Detailed instructions on the use LAYERINP can be viewed on the computer screen s
and therefore are not repeated here . Figure C.2 shows the location of input parameters
on various screens in LAYERINP. All input parameters are in upper case ; the menus in

TITLE, MAIL, NDAMA, NPY, NLG, DEL, NL, NZ, ICL, NSTD, NBOND, NLBT, NLTC, NUNI T

Z C

TH, PR, GAM

Interface (when NBOND = 0

Volume of Traffic

INT

Moduli

	

Period no .

When LOAD = 0 RC

INonlinea

-1 If granular —I PHI, K1

Layer no . —	H 	 If clayey —I EMIN, EMAX, K 1

H 	 General - DUR, NVL, NTYME

- Time HTYM E

Viscoelastic

	

Layer — LAYNO,BETA, TEMPREF

Creep

	

Layer no .

	

CREE P

Temperature r--1 Period no .

	

TEMP

General

Zcoor d

Laye r

Load LOAD, CR, CP,YW, XW, NR or NPT
When LOAD > 0

-1 General NOLAY, ITENOL, RCNOL, XPTNOL, YPTNOL, SLD, DELNO L

--~ Relaxation RELAX
-I If granular — K2, K O

-1Nonseasonal H LAYNO, ZCNOL, NCLAY X
—I If clayey -] K2, K3, K4, KO

XPT, YPT

Seasona l

Damage

Bottom Tension

Top Compression

LNBT, FT1 . FT2, FT 3

LNTC, FT4, FT 5

Period no.

	

TNLR

FIGURE C . 2

Location of input parameters by various menus in LAYERINE
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TITLE, NFOUND, NDAMA, NPY, NLG, NLAYER, NBOND, NSLAB ,
NJOINT, NNCK, NPRINT, NSX, NSY, MDPO, NAT1, NAT2, NUNI T

NOTCON, NGAP, INPUT, NTEMP, NWT, NCYCLE, TEMP, CT, DEL, FMA X

—{ Arrangement HNX, NY, JONO1, JONO2, JONO3, JONO4

Slab

	

X-coord H Slab no . H X

Y-coord H Slab no .H Y

Properties

	

T, PR, YM, GAM A

Uniform NUDL X LS, XL1, XL2, YL1, YL2, QQ

NCNF X NN, FF

Raft

	

NNMX X NNX, FMX

—I NNMY NNY, FMY

—I Add . T. Layer 1 NT1,T1

Add. T. Layer 2 NT2, T2

H Node not Contact NODNC

– Node Printout — N P
Optional –~

Node X Symmetry — NODS X

General

Curling

—I Node Y

Gaps

Dowels

Symmetry — NODS Y

NG, GAP

YMSB, PRSB

Foundation

H

When NFOUND = 0

When NFOUN D

When NFOUND = 2

SUBMOD, NAS

YMS, PR S

MAXIC, NL

NS, SUBMO D

TH, E, PRBF

Adjust

	

FSAF

Joint — SPCON1, SPCON2, SCKV, BD, BS, WJ, GDC, NNAJ X BARNO

H Fatigue Properties

	

PMR, Fl, F2

Damage
-1 Volume of Traffic — Period no.

	

TNLR

FIGURE C . 3

Location of input parameters by various menus in SLABSIN P

which the input parameters are located are in lower case, except for the first letter of eac h
menu. The letter X indicates the existence of an auxiliary screen, which will appear auto-
matically when a certain input parameter in the previous screen is typed . For example ,
Figure C.2 shows that there are nine menus on the Main Screen of LAYERINP . When
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the "Load" menu is clicked, a screen with one or more lines, each representing a give n
load group, will be shown . On each line are six input parameters . When the entry to the
last parameter NR or NPT is typed, an auxiliary screen with input parameters RC o r
XPT and YPT will appear . This auxiliary screen can also be reached by double-clicking
anywhere on the line where NR or NPT for the given load group is located .

C.4

	

SLABSIN P

Detailed instructions on the use of SLABSINP can be viewed on the computer screen s
and therefore are not repeated here . Figure C.3 shows the location of input parameters
on various screens in SLABSINP. There are 10 menus on the Main Screen of SLAB-
SINP and seven auxiliary screens, as indicated by the seven X's.



A P P E N D I X D

An Introduction to Superpave
by Kamyar C. Mahboub, Ph.D., P.E .

Superpave is a product of the Strategic Highway Research Program (SHRP) . This re -
search effort led to a new system for design of hot mix asphalt based upon mechanisti c
concepts . The Superpave TM has been fully implemented by most of the state highwa y
agencies . Superpave is an acronym for Superior Performing Asphalt Pavements . The
Superpave system accounts for materials characteristics in light of climatic and traffi c
considerations (AI, 2001, 1996, 1997) . Perhaps the most significant component of Su -
perpave is its new asphalt binder grading system, which is designed to link with pave -
ment performance . The Superpave methodology is believed to be the best available at
this time. However, it is an evolving methodology, and as such there are various asphal t
characterization routines that are under consideration as future additions to th e
Superpave (Witczak, et al. 2002) .

D.1

	

ASPHALT BINDER GRADING SYSTE M

The asphalt binder grading system in Superpave is called the performance gradin g
(PG) system. This system is a radical departure from the previous viscosity or penetra -
tion based systems. All PG binders are characterized based upon fundamental engi-
neering parameters . Additionally, Superpave accounts for the impact of climatic factor s
on binder characteristics at both hot and cold temperature regimes. This is a major im-
provement over previous systems of asphalt binder grading . In addition to climatic
conditions, traffic and aging control the performance of the asphalt pavement . To sim-
ulate climate conditions, testing is conducted at three pavement temperatures : hot, in-
termediate, and cold pavement temperatures . These temperatures are derived from
weather data for various geographical locations . The climatic data is further trans-
formed to represent the pavement temperature. To simulate traffic conditions, an aver-
age rate of loading was assumed for normal highway traffic speeds . Heavy traffic
conditions may be addressed by selecting a binder corresponding to higher tempera-
ture regimes. To simulate binder aging, a new rolling thin-film oven procedure wa s
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Criteria for Thermal Criterion for Criteria for Criterion for
Cracking Fatigue Cracking Rutting Workability

S (60s) <300MPa G*sins G*/sin6 Viscosity at 2 0
m (60s)>0 .300 <5 .OMPa unaged>1 .OkPa rpm < 3 .0Pa-sec
Failure strain>0 .01 RTFO >2 .2kP a

Pressure Aging Vessel
Direct Tension *-- Thin Film Oven

Residuet
Intermediate

	

High
Temperature

	

Temperature
Dynamic Shear

	

Dynamic Shear
Rheometer

	

Rheometer

Bending
Beam
Rheometer

	 V

-20

FIGURE D . 1

A summary of mechanical tests related to asphalt binder PG grading .

developed under Superpave, which allows for rapid aging/oxidation of an asphal t
binder under simulated conditions .

The Superpave binder grading tests are based upon engineering properties that
control three major modes of distress in asphalt pavements : rutting, fatigue cracking ,
and thermal cracking. The contribution of the asphalt binder to these modes of distres s
is characterized through a battery of rheological tests which are outlined in Figure D1 .
The test data are analyzed in light of climatic conditions for determining the asphal t
binder grade . For example, a PG 64-28 is suitable for an environment where the maxi -
mum pavement temperature will not exceed 64°C, and the minimum pavement tem-
perature will not drop below -28°C.

Figure D.1 presents a summary of mechanical tests related to asphalt binder PG grad -
ing. The direct tension (DT) test is intended to determine the resistance of asphalt to ther -
mal cracking . Similarly, the Bending Beam Rheometer (BBR) is designed to measure th e
critical stiffness (S) at which the asphalt becomes brittle and susceptible to thermal crack -
ing (m=slope of stiffness courve) . In order to simulate the most severe case, the thermal-
cracking analysis is conducted using the asphalt which has gone through the accelerate d
aging process using the pressurized aging vessel (PAV) . The Dynamic Shear Rheometer
(DSR) is the device that is used for fatigue and rutting characterization . The rheometer
protocols are designed to measure elastic and damping properties of the asphalt binde r
via the complex shear modulus parameter (G*) . The rutting parameter is G*/sin 8 ,

Brookfiel d
Viscosity

Pavement Temperature, °C
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where S is the phase angle and is related to damping . On the other hand, the G*sin S i s
used to characterize the fatigue-cracking potential of asphalt . The fatigue characteriza -
tion is conducted on asphalt, which is aged via the PAV process, while the rutting char -

acterization is conducted on the asphalt binder that is aged using a Rolling Thin-Film

Oven (RTFO) test . Superpave binder grading protocols are outlined in AASHT O
MP1 specifications (AASHTO, 1999a) . Tables D .1 through D .4 present Superpave Per -
formance grade CPG binder specifications .

D.2 AGGREGATES IN HM A

Experience has shown that aggregates play a key role in HMA performance, and thi s
was realized by SHRP researchers, which led to the refining of existing procedures t o

fit within the Superpave system . SHRP researchers produced an aggregate gradation
specification without the benefit of experimentation to support or verify its formula-
tion . Thus, in lieu of experimentally verifiable protocols, a panel of SHRP experts de -
veloped a set of recommendations for Superpave aggregate specifications (NCHR P
Project 9-14,1997) . This led to a number of controversial issues including flat and elon-
gated aggregates, and the restricted zone .

D.2.1 Flat and Elongated Aggregate s

The recommendation for flat and elongated aggregate content was that, for high traffi c

(greater than 10 6 equivalent single axle loads—ESALs), no more than 10% of th e

aggregate particles retained on the 4 .75 mm sieve should have a ratio of maximum-
to-minimum dimension greater than 5 :1 (Cominsky et al., 1994) .

Vavrik et al. (1999) recommended performance based testing as a requirement to
establish if the use and breakdown of F&E particles had a detrimental effect on mix-
ture performance . Brown et al. (1997) evaluated the effect of flat and elongated parti -
cles on SMA mixes . Stephens and Sinha (1978) studied the significance of flat and
elongated particles on the characteristics of bituminous mixtures . In a mix design, they
recommended 40-70 % cubical aggregates, 5-45 % flat aggregates and 5-45 To elon-
gated aggregates . Oduroh et al. (2000) reported that coarse aggregates of 3 :1 size ratio
at 40% and higher had the highest tendency to lie flat (horizontally) during HM A
compaction . Overall, Superpave laboratory mixture performance tests did not sho w
any significant changes in mixture properties due to the presence of up to 40% of 3 : 1

flat and elongated aggregates .

D.2.2 Coarse Aggregate Angularity

The aggregate interlock and internal friction is responsible for the HMA rutting resis -

tance. Aggregate angularity is quantified as the percent by weight of aggregates large r

than 4 .75 mm with one or more fractured faces . The standard test for measuring coarse
aggregate angularity is ASTM D 5821 : Standard Test Method for Determining the Per-
centage of Fractured Particles in Coarse Aggregate . Superpave specifies a higher degre e
of aggregate angularity for higher traffic . This is illustrated in Table D.S .



Table D.1 Superpave Specifications for Rutting

Superpave Binder Specifications
Average 7-day Maximum Pavement
Design Temperature, °C
Minimum Pavement
Design Temperature, ° C
Flash Point Temp, T48 : minimum, ° C
Viscosity, ASTM D 4402 :

Maximum, 3-Pa-s (3000 cP) .
Test Temp, ° C

Dynamic Shear, TP 5
G*/sin S, Minimum, 1 .00 kPa
Test Temperature@ 10 rad/s,°C

♦-

Rolling Thin Film Oven (T240)
Mass Loss, Maximum, %
Dynamic Shear, TP5 :

G*/sin 8, Minimum, 2 .20 kP a
Test Temp @ 10 rad/sec,°C

Table D.2 Superpave Specifications for Fatigue Cracking

Superpave Binder Specification s
PAV Aging Temp,° C
Dynamic Shear, TP5 :

G*sin 8, Maximum, 5000 kP a
Test Temperature@ 10 rad/s,° C

Physical Hardening
Creep Stiffness, TP1 :

S, Maximum, 300 MPa
m-value, Minimum, 0 .300
Test Temperature@ 60sec,° C

Direct Tension, TP3 :
Failure Strain, Minimum, 1 .0 %
Test Temperature@ 1 .0mm/min, °C

Superpave
Specification Limit s
for Rutting

Superpav e
Specification Limit
for Fatigue
Cracking

68 5



Table D.3 Superpave Specifications for Thermal Cracking

Superpave Binder Specifications
PAV Aging Temp,° C

Dynamic Shear, TP5 :
G*sin S, Maximum, 5000 kPa
Test Temperature@ 10 rad/s,° C

Physical Hardening
Creep Stiffness, TP1 :

S, Maximum, 300 MPa

	

4
m-value, Minimum, 0 .300
Test Temperature@ 60sec,° C

Direct Tension, TP3 :
Failure Strain, Minimum, 1.0 %
Test Temperature@ 1 .0mm/min, °C

Table D.4 Superpave Asphalt Binder Grades

High Temperature Grades (°C) Low Temperature Grades (°C )

46 -34, -40, -4 6

52 -10, -16, -22, -28, -34, -40, -4 6

58 -16,-22,-28,-34,-40

64 -10,-16,-22,-28,-34,-40

70 -10, -16, -22, -28, -34, -40

76 -10,-16,-22,-28,-34

80 -10,-16,-22,-28,-3 4

Performanc e
Grade
Designation :

Superpav e
Specification Limit s
for Thermal
Cracking

1
PG

	

Hot Temp

Example : PG 64-22

Cold Tem p
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TABLE D .5 Superpave Coarse Aggregate Angularity
Requirement s

Traffic,

Minimum Fracture d
Surface Requirements (% )

million ESALs D < 100 mm D > 100 m m

<0.3 55/

651 —/

< 3 75/— 50/
<10 85/80 60/
<30 95/90 80/75
<100 100/100 95/90

100 100/100 100/100

Note. "85/80" means that 85% of the coarse aggregate has one frac-
tured face, and 80% has two fractured faces . D = depth from surface

D.2.3 Fine Aggregate Angularity

Fine aggregate contribution to the internal friction of HMA is quantified as the per -
cent of air voids present in loosely compacted fine aggregates (smaller than 2.36 mm) .
Higher void content in this case reflects a more textured fine aggregate . The standar d
test for measuring this property is AASHTO T 304 : Uncompacted Void Content–Metho d
A. Superpave specifies a higher degree of fine aggregate angularity for higher traffic .
This is illustrated in Tables D .6 .

D.2.4 Aggregate Clay Content

Clay is a highly undesirable material in HMA . The clay content is characterized via a
suspension in the water test : AASHTO T 176 : Plastic Fines in Graded Aggregates and
Soils by Use of the Sand Equivalent Test . The clay content is controlled using a mini -
mum sand equivalent criteria . Superpave requires higher sand equivalent (i .e . lower
clay content) for higher traffic . This is illustrated in Table D.7 .

TABLE D .6 Superpave Fine Aggregate Angularity
Requirements

Traffic,

Minimum Uncompacted Fine
Aggregat e

Air Voids Requirements (% )

million ESALs D < 100 mm D > 100 m m

<0 .3 —
<1 40 —
<3 40 40
<10 45 40
<30 45 40

<100 45 45

100 45 45

Note. Air voids criteria are presented as percent air voids i n
loosely compacted fine aggregate . D = depth from surfac e
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TABLE D .7 Superpave Fine Aggregate
Angularity Requirement s

Traffic, million
ESALs Sand Equivalent, minimum

<0 .3 40
<1 4 0
<3 4 0
<10 45
<30 45
<100 5 0

100 50

D.2.5 Aggregate Toughnes s

Toughness is characterized using the Los Angeles Abrasion test . The procedure is
described in AASHTO T 96 : Resistance to Abrasion of Small Size Coarse Aggregate b y
Use of the Los Angeles Machine . This test simulates the resistance of coarse aggregate
to abrasion and mechanical impact during handling, construction, and in service . The
test is based upon comparing the coarse aggregate gradation before and after subject-
ing the aggregate to a mechanical degradation test . The test measures the percent loss
in the coarse aggregate. The percent loss should be less than 35-45% .

D .2.6 Aggregate Soundness

Soundness is the percent loss of materials from an aggregate blend during the sodiu m
or magnesium sulfate soundness test . The procedure is stated in AASHTO T 104 :
Soundness of Aggregate by Use of Sodium Sulfate or Magnesium Sulfate . This test esti-
mates the resistance of aggregate to weathering while in service . It can be performe d
on both coarse and fine aggregate . The test is performed alternately by exposing an ag-
gregate sample to repeated immersions in saturated solutions of sodium or magnesiu m
sulfate each followed by oven drying . One immersion and drying process is considere d
one soundness cycle . During the drying phase, salts precipitate in the permeable voi d
space of the aggregate . Upon re-immersion, the salt rehydrates and exerts internal ex-
pansive forces that simulate the expansive forces of freezing water . The test result i s
the total percent loss over various sieve intervals for a required number of cycles . Max-
imum-loss values range from approximately 10—20% for five cycles .

D.2.7 Aggregate Gradation

Superpave aggregate gradation requirements posed several controversial issues . For ex-
ample, the initial versions of Superpave included a "restricted zone" in the gradation. Thi s
zone was identified on a 0 .45-power gradation chart to define a permissible gradation . The
0.45-power chart (Figure D2) is a common format for plotting aggregate gradation, be -
cause it can easily illustrate the maximum density line as depicted in Figure D2 . It was ini-
tially hypothesized that gradations that violate the restricted zone possess weak aggregat e
skeletons which may exhibit tenderness during construction and poor performance . How -
ever, recent research (TRB, 2002) suggests that "Independent results from the literatur e
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clearly indicated that no relationship exists between the Superpave restricted zone and
HMA rutting or fatigue performance ." This report further recommends that perhap s
all references to the restricted zone should be deleted from AASHTO MP2 (1999b )
and AASHTO PP28 (1999c) .

The maximum density gradation represents a tight aggregate packing . This typ e
of gradation does not necessarily produce the best performing HMA . Superpave
gradations are recommended to have a strong aggregate interlock, which is common i n
more open mixes.

D.3

	

ASPHALT MIX DESIG N

The Superpave mix design is based upon mixture volumetric properties at a specifie d
level of compaction . These volumetric properties are assumed to produce well performing
mixtures (AASHTO MP2 : Superpave Volumetric Mix Design) . Advanced Superpave
protocols are available for mixture performance analysis : Standard Test Method fo r
Determining the Permanent Deformation and Fatigue Cracking Characteristics of Hot Mi x
Asphalt (HMA) Using the Simple Shear Test (SST) Device, AASHTO TP7 Provisional
Standards, 1998 .

The mixture compaction is accomplished via the Superpave gyratory compacto r
(SGC), and the resulting volumetric properties are used to select the optimum asphal t
content . The Superpave volumetric terms are defined in Table D .B .

D .3.1 Superpave Laboratory Compactio n

The Superpave gyratory compactor (SGC) is designed to produce specimens in th e
laboratory which exhibit particle orientation similar to the field compacted mixtures .
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TABLE D .8 Superpave Volumetric Terminology

Constituent

	

Abbreviated Term

	

Paramete r

Aggregate

	

P—mass percent
G—specific gravit y
s—stone (aggregate )
b—bulk
a—apparent
e — effective

Asphalt binder

	

P—mass percent
G—specific gravit y
b—binder (asphalt )
a— absorbed
e— effectiv e

Mixture

	

G—specific gravity
b—bul k
m — maximu m
m — mixtur e
V—volume percent

Ps —percent of mixture which is ston e
Gsb —bulk specific gravity of stone
Gsa —apparent specific gravity of stone
GSe —effective specific gravity of stone

Pb —percent of mixture which is binde r

Pbe — P ercent effective binde r

Pba — P ercent binder absorbe d
Gb —specific gravity of binder

G mb —bulk gravity of mi x
Gmm —maximum theoretical gravity of mix
Va —volume of air in compacted mi x
VMA—voids in mineral aggregat e
VFA—voids filled with asphalt
D:B ratio—dust to binder ratio

This is achieved with a mold gyrating 30 revolutions per minute at 1 .25-degree pivo t
angle at the compaction pressure of 600 kPa . The number of revolutions are adjusted
to produce a target density.

There are a number of issues surrounding the Superpave laboratory com-
paction. The main concern is the relationship between laboratory and field com-
paction (Blankenship, et al ., 1994) . For example, Peterson et al. (2003) have
suggested a number of modifications in order to improve upon the existin g

Superpave compaction protocols . These modifications include revisiting the angle
of gyration and compaction pressure. Additionally, there are standardization tool s
and techniques which are becoming available for the calibration of the angle o f
gyration .

D.3 .2 Mix Design Criteri a

Once the proper aggregate and grade of asphalt binder have been selected, the nex t
step is to produce a mixture that meets the Superpave criteria . The goal of the mix
design process is to determine the optimum asphalt content corresponding to a set of
Superpave volumetric criteria . The most critical criterion is a 4% air content in the lab -

oratory compacted specimens . Additionally, voids in the mineral aggregate (VMA)

and voids filled with asphalt (VFA) are checked . Superpave volumetric characteristics
are determined at various compaction levels, which correspond to various traffic levels

in the field. AASHTO reports the required compactive effort for various traffi c

(AASHTO, 1999b and 1999c) .
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The mixtures are compacted to Ni , Nd and Nf in accordance with the following :

N;—Number of initial gyrations : This parameter indicates a potential for tender-
ness in the mix during construction .
N d —Design number of gyrations: The number of gyrations for which the mix is
designed to produce 4% air content .
Nf—Final number of gyrations : The final number of gyrations is designed to sim-
ulate the post-compaction densification due to traffic. A mixture demonstratin g
less than 2 % air content at this point would be susceptible to rutting .
N„ —Maximum number of gyrations that should never be exceeded .

The volumetric properties of trial batches at 0 .5% asphalt content increments ar e
measured, and the optimum asphalt content is selected based upon an air content of 4
% (AASHTO MP-2) .

Finally, the moisture sensitivity of the mixture is determined in accordance wit h
AASHTO T283 . This test is designed to measure the effect of moisture and cycles o f
freeze—thaw on a mixture containing 7 % air . The indirect tensile strength test is use d
to quantify the laboratory-simulated moisture damage . A strength ratio of 80% or
higher is normally required. A strength ratio below 80% hints at a potential suscepti-
bility to stripping.

Example D.1 :

A Superpave mixture was prepared using for trial batches at 0.5% asphalt content increments .
All volumetric and compaction data are presented in the table below :

Batch #1 Batch #2 Batch #3 Batch #4

1-AC(%) 4.5 5 .0 5 .5 6 . 0
2- Air (%) at Nd 6 .1 4 .1 3 .0 2 .0
3- Gmm 2 .467 2.444 2 .430 2 .41 0
4- VMA (%) 15 .6 15 .1 15 .2 15 . 3
5- VFA (%) 62 .1 72 .7 81 .5 89 . 1
6- % Gmm at Ni 84.1 86 .1 87 .0 88 . 1
7- % Gmm at Nm 95 .4 97 .1 98 .6 99 .5

Solution: Using an interpolation routine or a graphical solution will reveal that 5 .1% would b e
the optimum asphalt content at which the 4% air content requirement is satisfied. As a cross
check, all other volumetric properties are reviewed at this optimum asphalt content to ensur e
their compliance with Superpave requirements .

SUMMARY

Superpave has put the asphalt mix design and analysis on a rational platform . There
are many who may argue that Superpave is not purely mechanistic . However, most
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would agree that features such as the PG binder systems and mixture analysis proto-
cols, are major improvements over the empirical methods of the past . The PG binder
system incorporates the climatic information in the binder selection process. The volu -
metric properties of HMA are used for Superpave mix design . Many of these proper-
ties lend themselves to quality control measurements .

Protocols related to Superpave aggregates were developed based upon literatur e
review rather than sound experimentation . This resulted in many early, less-than-per -

fect aggregate specifications, which were later adjusted . Additionally, there are ne w

procedures being developed in order to do a better job with addressing modifie d
binders, recycled asphalt, and waste materials in HMA .

A mechanistic mix design methodology provides us with the opportunity to inte -
grate asphalt mix design and flexible pavement structural design (Mahboub and Little ,
1990) . Superpave is hoped to link with the latest AASHTO pavement design guide in a
mechanistic manner .

PROBLEM S

D.1 What is Superpave? Why is it innovative ?
D.2 What is the PG system? Why is it considered an improvement over the viscosit y

and penetration systems ?
D.3 What are the critical factors affecting asphalt performance in pavements ?
D.4 What are the engineering parameters used in rating the asphalt binders? Ho w

are these parameters tested in Superpave ?
D.5 For an asphalt pavement, the maximum consecutive seven day pavement tem-

perature is 66°C and single event coldest temperature is -20°C . The design
ESALs for this pavement is 10,000,000, and traffic speed is standard . Select a P G

grade for this pavement .
D.6 Can Superpave be used for both base and surface mixes ?
D.7 Use the maximum gradation chart in Figure D.3, and draw a typical Superpav e

surface mix gradation.
D .8 List the steps in the Superpave mix design.
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Pavement Management
Systems
by Kamyar C. Mahboub, Ph.D., P.E.

Pavement management systems (PMS) have been defined by AASHTO as a set of tool s
or methods that assist decision-makers in finding optimum strategies for providing, evalu -
ating, and maintaining pavements in a serviceable condition over a period of time
(AASHTO, 2001,1993 ; Delaware DOT, 2000) . Pavement management provides a rational
and cost-effective approach to pavement maintenance operations. Pavement manage-
ment systems that evaluate various alternatives use the expected impact of maintenance
and rehabilitation treatments on the future performance of pavements . They also provide
the information needed to support fund requests and justify maintenance and rehabilita -
tion programs. In recent years, state highway agencies have attempted to integrate thei r
separate management functions in areas such as pavements and bridges within a geo-
graphic information systems framework .

E.1

	

PMS ACTIVITY LEVEL S

Pavement management activities are conducted at two distinctive levels : networ k
level, and project level (Haas, et al. 1994) . The network level is a global view of th e
pavement infrastructure and addresses the overall budget and planning issues . The
project level has a local focus on a limited component of the larger network . The pro-
ject level is where specific decisions on maintenance strategies and funding allocation s
are made. The following section describes these two types of activities in more detail .

E .1 .1

	

Network-Level Activities

The purpose and goals of the network-level management process are normally relate d
to the budget process and include :

694
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1. Identifying pavement maintenance, reconstruction, and rehabilitation needs ;

2. Determining funds needed to address these needs ;

3. Selecting feasible funding options and strategies to be tested ;
4. Determining the impact of these funding options on the pavement performanc e

as well as the overall safety of the driving public ; and

5. Developing optimum pavement budget recommendations .

Generally, the PMS offers support for the planning, programming, budgeting, an d
analysis phases. The primary areas of network-level analysis include maintenance and re -
habilitation needs, funding needs, forecasting future impacts for various funding option s
considered, and the prioritized listing of candidate projects needing repair . These results
can be used to provide support to legislative, administration, and technical users .

E .1 .2

	

Project-Level Activities

The overall network-level PMS is comprised of several project-level PMS activities . At
the project level, the purpose of PMS is to provide the most cost-effective, feasible, an d
optimum design, maintenance, rehabilitation, or reconstruction strategy possible for a
selected section of pavement within available funds and other constraints. This gener-
ally includes :

1. An assessment of the need for construction or cause of deterioration ;

2. Identifying feasible design, maintenance, rehabilitation, and reconstruction
strategies ;

3. Analysis of the cost-effectiveness of various alternatives ;
4. Definition of imposed constraints ; and

5. Selection of the most cost-effective strategy within imposed constraints .

This generally provides support at the design level, and the results primarily ar e
used by technical users . Some agencies call this stage preliminary design ; preliminary
because it dose not include the final development of plans and specification . Depend-
ing on the detail of the analysis, it can include the complete alternative selection an d
design process .

E .2

	

NETWORK-LEVEL ELEMENT S

The basic elements of a network-level PMS include an inventory, a condition assess-
ment, determination of needs, prioritization of projects needing maintenance and re -
habilitation, a method to determine the impact of funding decisions, and a feedbac k
process (AASHTO 1990; FHWA 1995) . This overall system is generally composed o f
two major subsystems. The information management system collects, stores, and man -
ages the data . The decision support system is the collection of algorithms that analyze s
the data and provides recommendation to managers . However, both of these are require d
to assist with the effective management of pavement systems, and they are seldom sepa -
rated during discussions. In this section, a PMS will be assumed to include both the
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information management and decision support components unless explicitly expresse d
otherwise. Briefly, network-level elements include :

1. Defining the limits of the network ;

2. Developing an inventory of the streets within the network ;

3. Developing a condition survey which identifies different pavement distresses ;

4. Developing maintenance strategies, cost estimates, and life expectancy;

5. Determining PMR&R (pavement management rehabilitation and reconstruc -
tion) needs ;

6. Analyzing costs of PMR&R ;

7. Determining overall needs of the network;

8. Prioritizing PMR&R needs based on limited funds ;

9. Forecasting the future condition of the network and impact of funding . An inter-
active process to : select candidate projects and analyze impact of decision on
future projects ; and

10. Implementing a feedback system to : update costs and life expectancies, revis e
PMR&R strategies, and improve reliability of the system .

E .2.1 Inventory

Inventory information is needed as the basis of decisions supported within a PMS pro -
gram. The network-level inventory, or database of basic information, includes informa -
tion on the pavements the agency is responsible for managing . The inventory generally
includes information that defines the type of pavement sections. Additionally, it includes
information about the location, limits, size, connectivity to other sections, number of traf -
fic lanes, route designations, and functional classification for each management section .
This type of data normally is entered into the database once, and it is changed only whe n
some significant change occurs in the data .

Management sections generally have similar pavement layers, material types ,
past rehabilitation activities, past maintenance activities, and past traffic loadings . This
type of information is often stored in a database for each individual management sec -
tion. Since this can be changed over time, and the previous information may be usefu l
to later decisions, the data is often stored in history type files and subsequent informa -
tion is added over time providing a "history" of activitie s

E.2.2 Pavement Condition Assessmen t

Pavement condition assessment begins with collecting data to determine the type ,
amount, and severity of surface distress, structural integrity, ride quality, and skid resis -
tance of the pavement . Pavement condition data is necessary to determine mainte-
nance and rehabilitation needs, project future condition, and identify the impacts o f
treatment . It is also used to identify feasible maintenance and rehabilitation strategies ,
prioritize work, and help optimize maintenance and rehabilitation fund expenditures.
Pavement condition is normally measured using the following factors as describe d

below (AASHTO 1990; Peterson 1987) :
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Surface Distress Distress surveys are performed to determine the type, severity, an d
quantity of observable surface distress . This information is often used to determine a
pavement condition index (PCI), which can be used to compute a rate of deterioration
and is often used to project future pavement condition . Surface distress and the current
or future PCI values are often used to help identify the timing of maintenance an d
rehabilitation, as well as the fund needs in the PMS process .

Structural Capacity Structural analysis normally is conducted to determine the cur -
rent pavement load-carrying capacity that can be compared to the capacity needed t o
accommodate projected traffic. Non-destructive deflection testing of the pavement is a
simple and reliable method to assist in making this evaluation; however, coring and
component analysis techniques may be used as well .

Ride Quality Roughness is often converted into an index such as the present service -
ability index (PSI) or the international roughness index (IRI) . Pavement roughness is
considered the most important indicator of pavement condition by the driving public ,
and it is especially important on pavement with higher speed limits, like those above 7 0
kph (45 mph). It is also needed to calculate vehicle-operating costs .

Surface Friction Skid resistance is the ability of the pavement surface to provide suf -
ficient friction to avoid skid-related safety problems, especially in wet weather . Skid
resistance is of high importance for pavements where vehicles operate at highe r
speeds. It generally is considered a separate measure of the condition of the pavemen t
surface, and it may be used to determine the need for remedial maintenance by itself t o
address safety. These pavement condition measures can be used to determine the over -
all pavement condition and to identify the most cost-effective and optimum mainte-
nance and rehabilitation treatments .

Determination of Needs Once the pavement network has been defined, and the con-
dition data has been colleted, most agencies then want to know what work is neede d
and the resources that are needed to complete that work . This process should identify
the work needed over some defined analysis period to support the level of service tha t
the agency wants to provide to their highway users and its associated costs . This provides
a base value of the needs that can be used to show the work and resources needed t o
meet the agency goals .

In general, this requires that the condition of the individual pavement manage-
ment sections, without maintenance or rehabilitation, be projected to a common peri-
od and into the future in terms of individual distress, PCI, PSI, or some combinatio n
index as illustrated in Figure E.I . The projected condition of all sections in the network
can then be used to determine the overall condition of the network at any time with o r
without treatment . The project condition, without treatment, gives a base condition of
pavement sections being analyzed or the network as a whole.

A common method used to identify sections that need work is to compare the con -
dition of each management section during each year over the analysis period to establish
decision criteria (or commonly known as trigger values) that normally are based o n
condition, surface type, functional classification, and traffic loading . Figure E.2 shows a
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Projected condition with and without treatment .
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5 0

FIGURE E . 2
Trigger value example ranges. 0

condition index scale with four different network-level treatment categories : preven-
tive maintenance, light rehabilitation, moderate rehabilitation, and heavy rehabilita-
tion (or reconstruction) . The dividing lines between preventive maintenance and ligh t
rehabilitation, between light rehabilitation and moderate rehabilitation, and betwee n
moderate rehabilitation/reconstruction would be the trigger values . When the condi-
tion of a pavement is projected to cross from one level to another, a specific treatmen t
is identified or triggered .

Prioritizing Candidate Sections Once the agency identifies the section of pavemen t
needing work and determines the funds needed to provide the desired level of services ,
it must prioritize and fund work for those sections . In most cases, the available funds
are less than those needed to complete all identified work . Even when adequate funds
are available, they generally must be allocated over a number of years to match the
work with the available resources . Generally, the goal of prioritization is to provide the
greatest benefits to the driving public for funds expended ; however, the pavement on
highways with the greatest traffic generally are given a higher priority than those with
a lower traffic level .

Determine the Impact of Funding Decisions The general goal of government agen-
cies is to provide the maximum social benefit for the money provided to them by the

Preventive Maintenanc e

Ligth Rehabilitation

Moderate Rehabilitation

Heavy Rehabilitatio n
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public . However, funds usually are allocated to a managing agency by elected official s
who must run for election every few years . These elected officials are often more inter -
ested in solutions that show immediate impacts for their districts rather than long-ter m
solutions that do not show immediate results, even if the long-term solutions are mor e
cost-effective. It generally requires considerable justification to get funds for long-ter m
solutions that either do not show immediate impacts or that cost more than short-ter m
solutions. One of the best ways to justify funding is to show the impact of alternat e
funding levels and strategies on the overall condition of the network, the backlog of
needs, future fund needs, and user costs .

Feedback Process Many of the pavement management systems currently being use d
were implemented with projection techniques, assignment management processes, an d
costs based on limited information . For a system to fully become adopted and used, it
must be reliable and robust . The feedback process provides information on how well pas t
estimates have matched observed values and provides information to improve future esti-
mates. Managers use the feedback process to compare projections to actual observed
information and modify the projection techniques to make them more reliable . These
feedback and updating processes may not be a part of PMS software, but rather a manua l
process by which the personnel responsible for operating the PMS update projectio n
algorithms, assignment processes, and costs on a recurring basis (see Figure E .3 )

Network Level

Gathering Dat a

• Road Inventory

• Condition Survey

Analyzing Dat a

Recommending PMS Rehab & Reconstruction Strategies

Generating Report s

Developing Budget s

Feedback Process

	

FIGURE E . 3
Network-level data elements.
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E.3

	

PROJECT LEVEL ELEMENT S

Project-level pavement management is process of analysis and design to determine
the layer material types and thickness needed for a pavement structure to serve th e
public. Although computer programs may be used in designing the layer thickness o f
specific materials and in economic analysis, much of the process must be complete d
outside a computer program . The complete project-level analysis can require consid-
erable materials sampling and testing both in-situ and in laboratories . Project-level
pavement management activities usually include new design, rehabilitation design, re -
construction design, and programmed maintenance that require some level of desig n
(see Figure E .4)

E .3 .1 New Desig n

The impetus for a new design may be the congestion management, planning activities,
or other management processes . Although engineers often consider pavements one o f
the simplest types of structures, the design is quite complex. Most pavements are con-
structed using layers of materials, and eventually, all of the imposed traffic loads ar e
transmitted to the underlying natural soils. A rational design procedure forces the de-
signer to consider each of the major factors that affect pavement performance . Thi s
process leads to a better design compared to selecting a standard thickness of a singl e
material that does not consider the important design variables, even when many of th e
design variables are estimated . One of the most commonly used pavement design pro -
cedures which is used by most state agencies is the AASHTO . Some state highway

Project Level

Gathering Data

• Up-close Survey

• Field Measuremen t

• Soil/Pavement Samples

• Investigating Existing Condition s

Finalizing Project Lis t

FIGURE E . 4
Project-level data elements .

Developing Detailed Scope of Work
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agencies use their own design procedures . All pavement design procedures s ..ould
address several basic factors that are known to affect pavement including :

1. Support provided by the in-place soil (subgrade) ;
2. Traffic loads expected to be applied (primarily trucks and other heavy loads) ;
3. Environmental factors (especially the impact of rainfall, changing moistur e

levels, extreme temperatures, and freeze-thaw cycles) ;
4. Drainage ;

5. Available materials ;

6. Capabilities of construction forces ; and
7. Cost .

E .3 .2 Developing Maintenance, Rehabilitation, and Reconstruction Plan s

Rehabilitation, reconstruction, and programmed maintenance needs should be gener-
ated from the network-level PMS functions, or some other management process, suc h
as the safety management process .

Like initial pavement construction, rehabilitation and reconstruction are costly
construction activities. The design of maintenance, rehabilitation, and reconstructio n
can take more time, effort, and funds than the design of a new pavement, because the
properties of existing pavement layer materials are needed as well as the complex in -
teractions of different options possible to address existing problems . An analysis of the
existing pavement to determine the cause of deterioration is necessary to identify cost -
effective maintenance, rehabilitation, or reconstruction treatments that can correct th e
problem. This can be approached as a series of steps to determine the cause of deterio -
ration and identify relevant constrains. The answers to a set of questions are then used
to identify feasible treatments. A question-answer oriented project-level evaluation
should include the following questions (AASHTO,1993) :

1. Is the pavement structurally adequate for future traffic ?
2. Is the pavement functionally adequate?
3. Is the rate of deterioration abnormal ?

4. Are the pavement materials durable?
5. Is the drainage adequate ?

6. Has previous maintenance been effective?
7. Does the condition vary substantially along the length of the project or between

lanes?

8. Do the environmental factors require special consideration ?
9. What traffic control options are available ?

10. What geometric factors will impact the design ?
11. What is the condition of the shoulders ?

One of the difficulties associated with this process is deciding which and how
much data to collect . It is difficult to know what kind and how much data are needed to
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answer all of these questions until some of the data is available and has been analyzed .
AASHTO (1993) recommends a series of steps for a staged project-level data collec-
tion, including :

1. Office data collection ;

2. Field survey ;

3. Data evaluation and determination of additional data needed ;

4. Laboratory testing of samples ; and

5. Final field and office data analysis.

The size of the project and importance of the highway to the agency also influ-
ences the amount of time and funds that will be expended in project-level evaluation .
Pavements on high-volume major highways generally will be subjected to more testin g

and evaluation than those on low-volume roads .
There are a large number of maintenance, rehabilitation, and construction alter -

natives available for both flexible and rigid pavements, and recycling has increased tha t
number of options. Surface seals such as aggregate seals and slurry seals combined wit h
localized repairs are often used as preventive maintenance treatment for flexible pave -
ment, and they are also used as rehabilitation treatments on lower volume flexibl e
pavements when structural improvements are not required . Overlays have become
more versatile by combining them with inter-layers such as fabric, milling full or partia l
widths, and recycling part of an existing layer prior to applying the overlay. Other types
of rehabilitation and reconstruction for flexible pavements include the following :

1. Cold in-place recycling followed by a new surface ;

2. Hot in-place recycling with or without an overlay ;

3. Reworking and stabilization of foundation materials followed by a new surface ;

4. Partial or full depth removal and replacement;

5. Full depth recycling; and

6. Overlay with PCC .

Other types of rehabilitation for rigid pavements may include :

1. A series of maintenance treatments such as partial depth patching, full depth re -
pair, surface grinding, and joint sealing, often referred to as concrete pavement

restoration (CPR) ;

2. Break and seat with a concrete/asphalt overlay ; and

3. Bonded or unbonded PCC overlay .

E.3.3 Thickness Design

Since most rehabilitation is in the form of overlays, most engineers will think of over -
lay design when they determine the layer thickness for the rehabilitation of pavements .
Overlay design procedures are used when a new layer is to be added to an existing
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pavement . When the existing bound layers (asphalt concrete, portland cement con-
crete, or stabilized material) of a pavement are to be removed and replaced, or are to
be reworked completely (such as with cold in-place recycling), new design procedures
can be used to design the required layer thickness.

E .3.4 Selecting the Best Strategy

The process of selecting the combination of treatments, materials, and thicknesses fo r
the new design, maintenance, rehabilitation, or reconstruction is an integral step of th e
project design process. The approach followed in project-level analysis should includ e
completing a preliminary thickness design using all of the available materials an d
treatments that are considered feasible under the circumstances . The designer should
then try to identify the combination of treatments, material types, layer thickness, an d
future maintenance and rehabilitation activities that give the least life-cycle costs fo r
the design period analyzed while providing the design condition . Life-cycle costing
concepts should be used to determine the differences in costs of the different strategie s
to account for the time value of funds spent . The total cost should include construction
costs, traffic control costs, and other costs to the agency . The analysis should also con -
sider the impact of the construction and future maintenance and rehabilitation opera-
tion on users.

Collection of data at the project level may include :

1. Up-close survey of each street to investigate all pavement distresses ;
2. Field measurements to determine extent of work area ;
3. Soil and pavement samples ; and
4. Investigation of existing drainage facilities, etc .

The network-level analysis is the first phase of the project-level analysis, and th e
project-level analysis should build on the network-level analysis .

E .4

	

LIFE-CYCLE COST ANALYSI S

Life-cycle cost analysis is a process for evaluating the total economic worth of a usable pro-
ject segment by analyzing initial costs and discounted future cost, such as maintenance ,
user, reconstruction, rehabilitation, restoring, and resurfacing costs, over the life of the pro-
ject . A usable project segment is defined as a portion of a highway that, when completed ,
could be opened to traffic independent of some larger overall project (FHWA, 1998) .

In simple terms, LCCA is an analysis technique that supports more informed an d
better investment decisions. It builds on well-founded principles of economic analysis
that have been used to evaluate highway and other public works investment for years .
It incorporates discounted long-term agency, user, and other relevant costs over the lif e
of a highway or bridge to identify the best value for investment expenditures (i .e ., the
lowest long-term cost that satisfies the performance objective sought) . LCCA can b e
applied to a wide variety of investment-related decision levels to evaluate the econom-
ic worth of various designs, projects, alternatives, or system strategies to get the best
return on the funds .
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E.4.1 Pavement Desig n

Pavement design is a project-level activity where detailed engineering and economic
considerations are given to alternate combinations of sub-base, base, and surface mate-
rials which will provide adequate load-carrying capacity. Factors that are considered in-

clude: materials, traffic, climate, maintenances, drainage, and life-cycle costs .

E .4.2 User Cost s

User costs are costs incurred by highway users traveling on the facility and the exces s
costs incurred by those who cannot use the facility because of either agency imposed or
detour requirements . User costs typically are an aggregation of three separate compo -
nents: Vehicle operating costs (VOC), crash costs, and user delay costs .

E.4.3 Benefit/Cost (B/C) Analysis or Rati o

The B/C represents the net discounted benefits of an alternative divided by net dis-
counted costs . B/C ratios greater than 1 .0 indicate that benefits exceed cost . The B/C
ratio approach is generally not recommended for pavement analysis because of th e
difficulty in sorting out benefits and costs for use in developing B/C ratios .

E .4.4 Internal Rate of Return (IRR)

The IRR, primarily used in private industry, represents the discount rate necessary t o
make discounted cost and benefit equal . While the IRR does not generally provide a n
acceptable decision criterion, it does provide useful information, particularly whe n
budgets are constrained or there is uncertainty about the appropriate discount rate .

E .4.5 Net Present Value (NPV )

NPV is the discounted monetary value of expected net benefits (i .e., benefits minu s
costs) . The basic formula for computing NPV is :

NPV = PVbenefits — PVcosts

	

(E .1 )

Because the benefits of keeping the roadway above some pre-established termi-
nal level are the same for all design alternatives, the benefits component drops out an d
the formula reduces to :

N

	

1

NPV = InitialCost + E RehabCostk -//

	

n kk=1

	

ll + i )

in which N = number of rehabilitations, i = discount rate, and n = year of
expenditure .

To simplify the calculations, the term in the brackets in Eq . E.2 is referred to as
the discount factor . Table E .1 lists some common discount factors .

E.4.6 Cost Estimate s

Estimates of future costs and benefits can be made using constant or nominal dollars .
Constant dollars, often called real dollars, reflect dollars with the same or constan t

(E.2)
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TABLE E .1 Present Value Discount Factors : Single Future Paymen t

Discount Factor Discount Factor

Year 3% 4% 5% Year 3%

	

4% 5 %
1 0 .970874 0.961538 0 .952381 21 0 .537549 0.438834 0 .358942
2 0 .942596 0.924556 0.907029 22 0 .521893 0 .421955 0 .3418 5
3 0 .915142 0.888996 0 .863838 23 0 .506692 0.405726 0 .32557 1
4 0 .888487 0 .854804 0 .822702 24 0 .491934 0.390121 0 .310068
5 0 .862609 0.821927 0 .783526 25 0 .477606 0.375117 0 .29530 3
6 0 .837484 0 .790315 0 .746215 26 0 .463695 0.360689 0 .28124 1
7 0 .813092 0 .759918 0 .710681 27 0 .450189 0.346817 0 .267848
8 0 .789409 0.73069 0 .676839 28 0 .437077 0.333477 0 .255094
9 0 .766417 0 .702587 0 .644609 29 0 .424346 0.320651 0.242946

10 0 .744094 0 .675564 0 .613913 30 0 .411987 0 .308319 0.231377
11 0 .722421 0 .649581 0 .584679 31 0 .399987 0 .29646 0 .220359
12 0 .70138 0 .624597 0 .556837 32 0 .388337 0 .285058 0.209866
13 0 .680951 0 .600574 0 .530321 33 0 .377026 0 .274094 0.199873
14 0 .661118 0 .577475 0 .505068 34 0 .366045 0 .263552 0.190355
15 0 .641862 0 .555265 0 .481017 35 0.355383 0 .253415 0.18129
16 0.623167 0 .533908 0 .458112 36 0.345032 0 .243669 0.172657
17 0 .605016 0 .513373 0 .436297 37 0.334983 0 .234297 0.164436
18 0.587395 0 .493628 0 .415521 38 0.325226 0 .225285 0.156605
19 0.570286 0 .474642 0 .395734 39 0.315754 0 .216621 0.149148
20 0.553676 0 .456387 0 .376889 40 0.306557 0 .208289 0.142046

purchasing power over time . In such cases, the cost of performing an activity would no t
change as a function of the future year in which it would be accomplished . For exam-
ple, if hot-mixed asphalt (HMA) costs $20/ton today, then $20 should be used fo r
future year HMA cost estimates .

Nominal dollars, on the other hand, reflect dollars that fluctuate in purchasin g
power as a function of time . When using nominal dollars, the estimated cost of an ac-
tivity would change as a function of the future year in which it is accomplished . In this
case, if HMA costs $20/ton today, and inflation were estimated at 5%, the HMA cos t
estimate for 1 year from today would be $21/ton .

E .4.7 Discount Rates

Similar to costs, LCCA can use either real or nominal discount rates . Real discount
rates reflect the true-time value of money with no inflation premium and should be
used in conjunction with non-inflated dollar cost estimates of future investments . Nom-
inal discounts rates include an inflation component and should only be used in con-
junction with inflated future dollar cost estimates of future investments .

Data on the historical trends over a very long period indicate that the real value
of money is approximately 4% . In 1995 and 1996, the FHWA Office of Engineering,
Pavement Division, conducted a national pavement design review and found that the
discount rates currently employed by SHAs to conduct LCCA in pavement desig n
showed a distribution of values clustering in the 3-5% range . Good practice suggests
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using a real discount rate, one that does not reflect an inflation premium, of 3–5% i n

conjunction with real/constant dollar cost estimates .

E.4.8 Alternative Strategie s

The primary purpose of the LCCA is to quantify both the long-term as well as the
short-term implication of various alternative strategies . A pavement design strategy is
the combination of initial pavement design and necessary supporting maintenance an d
rehabilitation activities . Analysis period is the time horizon over which life-cycle cost s

are evaluated . The first step in conducting an LCCA of alternative pavement design i s
to identify the alternative pavement design strategies for the analysis period under
consideration .

Generally, the LCCA analysis period should be sufficiently long to reflect long-
term consequences of various alternatives and strategies . This means that the analy-
sis period should always be longer than the pavement design period, except in th e

case of extremely long-lived pavement. As a rule of thumb, the analysis perio d
should be long enough to incorporate at least one rehabilitation activity . The FHWA
(1995) recommends an analysis period of at least 35 years for all pavement projects ,
including new or total reconstruction projects, as well as rehabilitation, restoration ,
and resurfacing projects . Regardless of the analysis period selected, the analysis peri -
od used should be the same for all alternatives . Typically, each design alternative wil l
have an expected initial design life, periodic maintenance treatment, and, possibly, a
series of rehabilitation activities . It is important to identify the scope, timing, and cos t
of these activities.

E .4 .9 Performance Periods and Activity Timin g

Performance life for the initial pavement design and subsequent rehabilitation activi -
ties has a major impact on LCCA results. It directly affects the frequency of agency in -
tervention on the highway facility, which in turn affects the frequency of agency cost, as
well as user costs during the period of construction and maintenance activities . SHAs
can determine specific performance information for various pavement strategies
through the analysis of pavement management data and historical experience .

Work zone requirements for initial construction, maintenance, and rehabilitatio n
directly affect highway user costs and should be estimated along with pavement strate -
gy development . The frequency, duration, severity, and year of work zone requirement s
are critical factors in developing user costs for the alternative being considered .

E.4.10 Agency Costs

Construction quantities and costs are related directly to the initial design and subse-
quent rehabilitation strategy. The first step in estimating agency costs is to determin e

construction quantities/unit price . LCCA needs only consider differential costs be-
tween alternatives . Costs common to all alternatives cancel out .

Agency costs include all costs incurred directly by the agency over the life of th e

project . They typically include initial preliminary engineering, contract administration,
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construction supervision and construction costs, as well as future routine and preventiv e
maintenance, resurfacing and rehabilitation cost, and the associated administrative cost .
Agency costs also include the maintenance of traffic cost and can include operating cost s
such as pump station energy costs, tunnel lighting, and ventilation . At all times, the
salvage value, the remaining value of the investment at the end of the analysis period, i s
included as a negative cost . Salvage value represents the value of an investment alterna -
tive at the end of the analysis period .

Serviceable life represents the more significant salvage value component and i s
the remaining life in a pavement alternative at the end of the analysis period . It is used
primarily to account for differences in remaining pavement life between alternativ e
pavement design strategies at the end of the analysis period .

E .4 .11 User Costs

In LCCA, highway user costs of concern are the apparent and hidden costs incurred by
the motoring public. User costs are an aggregation of three separate cost components :
vehicle operating costs (VOC), user delay costs, and crash costs . In the LCCA of pave -
ment design alternatives, there are user costs associated with both normal operation s
and work zone operations .

The normal operations category reflects highway user costs associated with a
facility during periods free of construction activities . User costs in this category are a
function of the differential pavement performance (roughness) of various pavemen t
alternatives . Some researches indicate that VOC will increase with the increase of
pavement roughness. The additional operating costs (as compared to a smooth road
baseline) begin to accrue around IRI = 170 in/mi (PSR = 2.5) . Typically, a pavement
with a PSR = 2 .5 will be considered as having reached its terminal serviceability index
and should be scheduled for some rehabilitation .

The work zone operations category, however, reflects highway user costs associ-
ated with using a facility during periods of construction, maintenance, and/or activitie s
that generally restrict the capacity of the facility and disrupt normal traffic flow . The
work zone user costs are quantified by the following approach :

1. Project future year traffic demand ;

2. Calculate work zone directional hourly demand ;

3. Determine roadway capacity;

4. Identify the user cost components ;

5. Quantify traffic affected by each component ;
6. Compute reduced speed delay ;
7. Select and assign VOC cost rates ;

8. Select and assign delay cost rates ;
9. Assign traffic to vehicle classes ;

10. Compute individual user cost components by vehicle class ;

11. Sum total work zone user costs ; and

12. Address the crash costs.
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FIGURE E . 5
Typical expenditure stream diagram .

E .4.12 Expenditures Strea m

Expenditure stream diagrams are graphical representations of expenditure over time.
They generally are developed for each pavement design strategy to help visualize the
extent and timing of expenditures . Figure E.5 shows a typical expenditure stream
diagram. Normally, costs are depicted as upward arrows at the appropriate time they
occur during the analysis period, and benefits are represented as negative costs or
downward arrows. In LCCA of pavement design alternatives, the benefits of provid-
ing the specific level of pavement condition are considered to be the same for al l
pavement design strategies . As a result, the only concerns are the differential cost s
among alternatives. The only negative cost would be the cost associated with any sal -
vage value . Under these conditions, the LCCA objective becomes finding the alterna-
tive pavement design strategy that meets the performance requirements at the lowes t
life-cycle cost .

In its broadest sense, LCCA is a form of economic analysis used to evaluate th e
long-term economic efficiency between alternative investment options . Economic
analysis focuses on the relationship between costs, timing of costs, and discount rate s
employed. Once all costs and their schedule have been developed, future costs must b e
discounted to the base year and added to the initial cost to determine the NPV for th e
LCCA alternative . As noted earlier, NPV is the economic indicator of choice (see
Eqs . E .1 and E .2) .

Example E1 ;

The initial design will cost $1,100, $1,100,000 and have an associated work zone cost of $300,00 0
at year 0. Additional rehabilitation costs of $325,000 will be incurred in years 15 and 30 . Associ-
ated work zone user costs in years 15 and 30 will be $269,000 and $361,000, respectively . The sal-
vage value at year 35, based on a prorated cost of the year-30 rehabilitation design an d
remaining life, will be $216,000 (10/15 of $325,000) . The expenditure stream diagram is shown in
Figure E .6 . The results of PV computations using 4% PV factors for single future amounts fo r
the example expenditure stream diagram are shown in Table E .2 .
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Cost (x1,000)

$300 User Cos t

$1,100 Initial Cost $269 User's Cost $361 User Cos t

$325 Rehab . #1

	

$325 Rehab . #2

0 15

	

30 3 5

Salvage Value $21 6

Time (Years)

FIGURE E . 6
Expenditure stream diagram for an NPV computation example .

TABLE E .2 Results of PV Computation

Cost Component Discounte d
Activity Years

	

Costs ($1,000) Discount Factor Cost ($1,000)

Initial Construction 0 1100 .0 1 .0000 1100
Initial Work Zone User Cost 0 300 .0 1 .0000 300
Rehab 1 15 325 .0 0.5553 180
Rehab 1 Work Zone User Cost 15 269 .0 0 .5553 149
Rehab 2 30 325 .0 0 .3083 100
Rehab 2 Work Zone User Cost 30 361 .0 0 .3083 111
Salvage Value 35 -216 0.2534 -55

Total NPV 1885

E .4.13 Analysis of Result s

Once completed, all LCCA should, at a minimum, be subjected to a sensitivity analysis.
Sensitivity analysis is a technique used to determine the influence of major LCCA
input assumptions, projections and estimates on LCCA results . In a sensitivity analysis,
major input values are varied (either within some percentage of the initial value or
over a range of values) while all other input values remain constant and the amount of
changes in results is noted . The input variables may be ranked according to their effect
on results . Sensitivity analysis allows the analyst to subjectively get a feel for the impac t
of the variability of individual inputs on overall LCCA results .

Tables E .3 and E .4 present the results of a sensitivity analysis on two pavement
design strategies at discount rates ranging from 2–6% for a 35-year period . Alterna-
tive 1 has a lower initial agency cost, and, because of a shorter construction period, a
lower user cost than Alternative 2 . However, Alternative 1 requires three identica l
10-year design rehabilitations compared to an identical 15-year design rehabilitatio n
for Alternative 2 .
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TABLE E .3 Sensitivity Analysis-Alternative 1

NP V

Year (b) Cost (c) 2.00% 3 .00% 4 .00% 5 .00% 6 .00 %

0 975 975 975 975 975 97 5
0 200 200 200 200 200 20 0
10 200 164 149 135 123 11 2
10 269 220 200 182 165 15 0
20 200 135 111 91 75 6 2
20 361 243 200 165 136 11 3
30 200 110 82 62 46 3 5
30 485 268 200 150 122 8 5
35 -100 -50 -36 -25 -18 -1 3

2265 2081 1935 1824 171 9
1334 1281 1238 1201 117 1
932 800 696 613 547

TABLE E .4 Sensitivity Analysis-Alternative 2

NPV

Activity (a) Year (b)

	

Cost (c) 2 .00% 3 .00% 4.00% 5.00% 6.00 %

Construction 0 1100 1100 1100 1100 1100 1100
User Cost 0 300 300 300 300 300 300
Rehab 1 15 325 241 209 180 156 136
User Cost 1 15 269 200 173 149 129 11 2
Rehab 2 30 325 179 134 100 75 5 7
User Cost 2 30 361 199 149 111 84 63
Salvage 35 -217 -108 -77 -55 -39 -28
Total NPV 2111 1988 1885 1805 1740
Agency Cost 1413 1366 1326 1292 1264
User Cost 699 621 561 513 47 5

Out-year user costs for Alternative 1 increase as a result of increased traffic leve l
over time ; out-year user costs for Alternative 2 decrease first due to a shorter wor k
zone period and then as a result of increased traffic levels over time. Both alternative s
have a remaining service life at year 35 . The salvage value, as a prorated share of th e
last rehabilitation, is 50% of its last rehab cost for Alternative 1 ($100,000) . The salvage
value of Alternative 2, on the other hand, is 66 .6% of its last rehab cost ($217,000) .

The sensitivity analysis reveals that the NPV of both alternatives decreases as th e
discount rate increase. This results from the reduced present value of future costs a t
higher discount rates . Because the amount and timing of future costs differ between al -
ternatives, the effect of discounts on the NPV is different for each alternative . In thi s
example, Alternative 1 is more expensive than Alternative 2 at discount rates of 5 %
and lower, while Alternative 2 is more expensive than Alternative 1 at a discount rat e
of 6% or more.

The sensitivity analysis also reveals that Alternative 2 has a higher agency cos t
than Alternative 1 at all discount rates considered . Further, Alternative 2 has a lower

Activity (a )

Construction
User Cos t
Rehab 1
User Cost 1
Rehab 2
User Cost 2
Rehab 3
User Cost 3
Salvag e
Total NPV
Agency Cost
User Cost
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user cost than Alternative 1 at all discount rates considered . Similar sensitivity analysi s
could be conducted using other input variables such as agency cost, user costs, pave-
ment performance lives, and the hourly dollar value of user delay. In addition to con -
ducting a sensitivity analysis, the analyst should examine the implication of contracto r
work hours on queuing costs, as well as the anticipated maximum queue lengths and
delay times. A primary drawback of the sensitivity analysis is that the analysis assigns
an equal weight to all input value assumptions, regardless of the likelihood of occur -
ring. This may be addressed by using a probabilistic approach .

E .4 .14 Final Design Strateg y

Once the NPVs have been computed for each alternative and limited sensitivity analy -
sis performed, the analyst needs to step back and reevaluate the competing desig n
strategies . As noted, the overall benefit of conducting a LCCA is not necessarily th e
LCCA results themselves, but rather how the designer can use the information resulting
from the analysis to modify the proposed alternatives and develop more cost-effective
strategies . For example, if user costs dwarf agency costs for all of the alternatives ,
the analysis may indicate that none of the alternative analyzed are viable . It could indi -
cate that the designer needs to evaluate the current design strategies' impact on th e
future maintenance of traffic.

It is important to note that LCCA results are just one of many factors that influ -
ence the ultimate selection of a pavement design strategy. The final decision may include
a number of additional factors outside of the LCCA process, such as local politics, avail -
ability of funding, industry capability to perform the required construction, and agenc y
experience with a particular pavement type .

E .5

	

PMS DATA AND SOFTWAR E

Pavement management is a process to cost effectively manage the roadway system. The
formal process includes a systematic, consistent approach to gathering and analyzin g
data and generating recommendations and reports so those who control road mainte-
nance budgets can make informed investment decisions. PMS uses computer softwar e
for storing and analyzing data, and providing information and recommendations t o
assist in road-related decision making . Most PMS software consists of three general
components :

1. A database containing an inventory of the physical data, history of repairs, repai r
costs and life of repairs, and other data such as truck volume or accident history .

2. A data analysis package that makes recommendations about how and when to al -
locate resources to potential PMR&R projects. It analyzes and sorts data, gener -
ates reports and provides recommendations based on a prioritization equation .
The analysis can show a single year or forecast future years based on pavemen t
performance models.

3. A feedback process to verify and improve the reliability of the PMS . For a PMS
to be truly effective, it requires the support of everyone involved in the process .
As more data is collected and analyzed, the system is fine-tuned and calibrated .
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Three different types of data go into the PMS software program . They are a roa d
inventory, pavement condition survey and various PMR&R strategies and options .

The purpose of the road inventory is to define the physical characteristics for
each road . This information is stored in road inventory files in the PMS database . Each
road is divided into manageable sections called "road segments" .

The purpose of the condition survey is to determine the condition of each roa d
segment based upon pavement distress . The condition survey is a critical part of pave -
ment management, since specific distresses are very much related to certain causes o f
pavement deterioration . Due to this direct correlation, PMS software programs lin k
distress types to strategies. An accurate condition survey is critical in helping deter -
mine appropriate PMR&R strategies to restore a deteriored pavement to an accept -
able level. Common distresses in asphalt pavement include : alligator cracking,
environmental cracking, block cracking, patch potholes, and raveling . Common dis-
tresses in concrete pavement include: patching, joint deterioration, slab cracking, and
alkali-silica reactivity. It is imperative that the correct repair alternative be selected fo r
the specific condition on each road segment . This is accomplished using the predeter-
mined PMR&R strategies in the software program. There are five different PMR& R
strategies.

1. Routine maintenance ;

2. Prevention maintenance ;

3. Deferred maintenance ;

4. Rehabilitation; and
5. Reconstruction .

Trained personnel gather information for the PMS database in a variety of ways ,
including observation or the collection of pavement samples by automated collectio n
equipment . The PMS software contains analysis tools that will :

1. Identify potential repair alternatives for each segment ;

2. Calculate the associated estimated repair costs ; and

3. Select the most cost-effective solution for each road segment .

It will also rank and prioritize the segments most worthy of funding for a singl e
year (see Figure E.7), based on common ranking criteria such as :

1. Pavement condition ;

2. Initial cost ;

3. Life-cycle cost ; and

4. Benefit versus cost .

All project maps and data are linked through a geographic information system
(GIS) . Since the software's analysis component produces tremendous amounts of in -
formation, it is important that all information be presented clearly to decision makers .
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Current Pavement Conditio n

Potential Treatmen t

Estimate Repair Cost

Cost-effective Solution

Apply Weighting Factors

Rank by Criteria

Match Ranked List w\ Budget
FIGURE E . 7
Single year prioritization process.

E .6

	

INFRASTRUCTURE AND ASSET MANAGEMEN T

Infrastructure management systems were developed to help integrate individual man -
agement systems . Pavement and bridge management were some of the first decisio n
support systems developed in highway agencies for their physical infrastructure . Mos t
of these various decision support systems have been developed independently. For
them to truly be effective, they need to be integrated (at least coordinated) to provid e
the information needed by administration and funding authorities to support thei r
strategic planning and budgeting activities .

Asset management is a systematic process of maintaining, updating, and operat -
ing physical assets cost effectively (FHWA 1995) . It combines engineering principle s
with sound business practice and economic theory, and it provides tools to facilitate a
more organized, local approach to decision making . Thus, asset management provide s
a framework for handling both short- and long-range planning .

There are similarities and differences among pavement, infrastructure, and asse t
managements. Pavement management focuses on pavements, infrastructure management
focuses on physical facilities, and asset management can include all of the elements man -
aged by the agency, including many nonphysical assets (financial capabilities, methods ,
and technologies) . However, the basic management concepts are the same in all thre e
(i .e ., to provide the best return for the funds available) . As asset management matures ,
it appears that it will attempt to better integrate the management of physical asset s
and, possibly, nonphysical assets . Pavement management is one of the tools most trans -
portation agencies have in place, and it should be one of the first that is integrated int o
an overall management approach.
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E.7

	

PAVEMENT PRESERVATIO N

Pavement preservation is a program of activities aimed at preserving the investment i n
the nation's highway system, enhancing pavement performance, extending pavemen t
life, and meeting the driver's needs . It is the sum of all activities undertaken to provide
and maintain serviceable roadways ; this includes corrective maintenance and preserv-
ative maintenance, as well as minor and major rehabilitation . It excludes structural
capacity improvements and new or reconstruction pavements .

Pavement preservation is an inclusive program that identifies the treatment fo r
each section of pavement in the management network that will give the greatest pave -
ment life for the least money. The treatments include corrective maintenance, pave-
ment maintenance, and rehabilitation . A method to identify appropriate treatments fo r
each section of pavements is required . A database of information about each pavement
section is necessary to identify candidate projects and select the right treatment at the
right time.

SUMMARY

Pavement management is a methodology by which the resources are applied in th e
most efficient manner to provide a desirable level of service to the driving public .
Pavement management systems (PMS) activities are conducted at two distinctive lev -
els : namely, network level and project level . The network level is a global view of the
pavement infrastructure and addresses the overall budget and planning issues . The
project level has a local focus on a limited component of the larger network . The pro -
ject level is where specific decisions on maintenance strategies and funding allocation s
are made . From an operations point of view, the PMS must be capable of collecting, an -
alyzing and summarizing a large amount of data on a periodic basis . Common PMS an -
alytical tools include : pavement performance models, economic analysis models, an d
forecasting models . All PMS data are often linked with other agency maps and data
through a geographic information systems platform .

PROBLEM S

E .1 What is PMS? What are the purposes of the network-level and project-level
activities? Show the process of both the network level and project level b y
diagrams .

E .2 What pavement condition factors enter into a PMS database ?
E.3 What is the advantage of using life-cycle cost analysis (LCCA) in pavement de -

sign? What are user costs? Give a definition to the net present value (NPV) of a
pavement project .

E .4 Assume that hot-mixed asphalt (HMA) costs $25/ton, and the inflation rate i s
4% . What is the HMA cost estimate for 5 years from today :
1. If real dollars are used in the LCCA analysis ;
2. If nominal dollars are used in the LCCA analysis .

E .5 For a pavement design project, two design strategy alternatives are proposed . For
Alternative 1, the initial design will cost $1 million and have an associated work
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zone cost of $220,000 at year 0 . Three additional rehabilitations, at a cost o f
$250,000, will be incurred in years 10, 20, and 30 . Associated work zone user costs
in years 10, 20, and 30 will be $220,000, $330,000 and $440,000, respectively . For
Alternative 2, the initial design will cost $1 .2 million and have an associated work
zone cost of $240,000 at year O. Two additional rehabilitations, at a cost o f
$300,000, will be incurred in years 15 and 30 . Associated work zone user costs in
years 15 and 30 will be $220,000 and $330,000, respectively . Over a 35-year analy-
sis period ,

1 . Calculate the salvage value of the two alternatives .

2 . Develop an expenditure stream diagram for Alternative 1 .

3 . Compute the NPV for each alternative (discount rate is 4%).

4 . If LCCA results are the only factors that influence the ultimate selection o f
this pavement design strategy, which strategy would you like select? Account
for your decision .

E.6 What are the three main components of the PMS software? What are the three
different types of input data that are entered into the PMS software program .

E.7 Explain how to rank and prioritize the segments most worthy of funding for a
single year, based on common ranking?

E.8 Describe a PMS software you have used . Describe all input and output parameters .



A P P E N D I X F

A Preview Of 2002 Pavemen t
Design Guid e

An effort to develop an improved Pavement Design Guide (referred to as the 200 2
Guide) by the year 2002 was initiated by the AASHTO Joint Task Force on Pavement s
(JTFP), which is responsible for the development and implementation of pavement de -
sign technologies . As part of this effort, a workshop was held in March 1996 in Irvine ,
California, to discuss the framework for improving the Guide . At the conclusion of that
workshop, a major long-term goal identified by the JTFP was the development of a de -
sign guide based as fully as possible on mechanistic principles . The work was later con -
tracted to several private consultants and universities under NCHRP Project 1-37A .
The target date for the delivery of the final report to JTFP, including the 2002 Guide ,
was by the end of 2001 . Due to unexpected delays, the Guide was still not availabl e
more than one year later at the time of this writing . In view of the fact that the new
Guide is mechanistic–empirical and is such a deviation from the current guide, ap-
proval by several AASHTO standing committees and all fifty states are required . I t
will take several years after 2002 before the Guide can be implemented . The informa -
tion presented in this appendix was provided mostly by the research team as posted o n
the Internet . It must be cautioned that what appears in this preview is not necessaril y
indicative of what will appear in the final version of the Guide .

F.1

	

GENERAL FEATURES

The 2002 Guide for Design of New and Rehabilitated Pavement Structures will constitute a
significant revision to the pavement design and analysis procedure currently used
throughout the world. Some general features of the Guide are summarized below :

1. The Guide presents procedures for the design and analysis of all commonly used
new and rehabilitated pavement systems . Particular emphasis is placed on pave -
ment rehabilitation including procedures for life-cycle cost analysis (LCCA) and
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evaluations of existing pavements, as well as recommendations on rehabilitatio n
treatments, subdrainage, and foundation improvements for problem soils .

2. The Guide uses the calibrated mechanistic design procedure that allows the ful l
integration of material characterization, climate condition, and traffic loadin g
into pavement design . The basic concept is the same as that described in Section s
11 .1 and 12 .1 . The structural models for flexible pavements include both a laye r
system program for linear analysis and a finite element program for nonlinear
analysis . For rigid pavements, a two-dimensional finite element program calle d
ISLAB2000, which is a later version of ILLI-SLAB, will be used. Various distres s
models will be selected and calibrated against the long-term pavement perfor-
mance (LTPP) and other available databases .

3. The Guide integrates the design methodologies for the various types of pavement s
whenever feasible . The same design parameters, such as material and soil character-
ization, climate factors, traffic analysis, and reliability, will be used across all pave -
ment types. This integration of input parameters puts all types of pavements on a n
equitable basis and allows the use of alternate pavement types for comparison .

4. The Guide uses a hierarchical approach for determining the design inputs . Three lev-
els of input can be selected depending on the importance of the project and the avail -
ability of data . Level 1 is based on site-specific measurements, level 2 on regiona l
values or regression equations, and level 3 on default values or educated guess . Level
1 is the most accurate because it uses the actual measurements on or near the project
sites, while level 3 is the least accurate . This approach allows the use of current proce -
dures and provides for inclusion of improved procedures in the future .

5. The Guide eliminates the equivalent single axle load (ESAL) approach and use
the full spectra of axle loads applied to a pavement structure by the prevailing or
projected traffic stream. However, an ESAL conversion capability is included s o
that earlier mathematical models based on ESAL can still be used .

6. Separate programs for flexible and rigid pavements will be developed and then
integrated with a common interface . The software will be based upon existin g
mechanistic–empirical models and will utilize existing software implementation s
of those models. It allows the user to input trial layer thicknesses in addition t o
various input parameters. The software predicts the expected performance para-
meters (i.e., fatigue cracking, roughness, etc .) at different ages of the pavement .
The user then has the option to make changes in layer thicknesses and/or othe r
input parameters until the design criteria are satisfied . The software can be run
on computers with Windows 98, 2000, NT, and XP.

F.2

	

DESIGN INPUTS

The four categories of inputs to be discussed are : traffic, material characterization ,
climate, and reliability .

F.2 .1

	

Traffic

The traffic data required by the 2002 Guide are consistent with the practices outline d
in the Traffic Monitoring Guide (TMG) (FHWA, 2001b) . State highway agencies that
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currently collect data according to the TMG have already met the requirements. The
traffic analysis subroutine in the 2002 pavement design software will assist users in col-
lecting and organizing the required data . Agencies will be able to import much of th e
required data directly from their existing traffic database .

Two types of traffic data are usually collected: weigh-in-motion (WIM), which
provide information about the number and configuration of axles observed within a
series of load groups, and automatic vehicle classification (AVC), which counts over a
period of time the number and types of vehicles that use a given roadway. The associ-
ated error and variability of the inputs will be considered in determining the reliability
of the design . To facilitate this analysis, traffic data supplied for pavement design wil l
require an estimate of quality including the hierarchical level used, along with the
number of days of WIN, AVC, and traffic counting data used in the analysis. The three
levels of traffic inputs are described below :

Level 1 Level 1 uses volume/classification and axle-load spectra data directly relate d
to the project . It requires the agency to gather and analyze facility-specific traffic vol -
ume and load data . The traffic data measured along a facility including counting and
classifying the number of trucks traveling over the roadway, along with the breakdow n
by lane and direction, and measuring the axle loads for each truck class to reliably de -
termine the truck traffic for the first year after construction. To determine the traffic
variations over time, the following additional information is needed:

1. Average annual daily truck traffic (AADTT) for the base year .

2. Truck traffic distribution factor (TTDF), which is the percent of the AADTT fo r
each vehicle classification .

3. Monthly truck traffic adjustment factors by class, which are used to adjust th e
AADTT into monthly average daily truck traffic (MADTT) volume.

4. Hourly distribution factors, which are used to distribute the monthly MADT T
volumes by hour of the day. The average hourly distribution of traffic is neede d
for computing the incremental damage on rigid pavements due to different ther -
mal gradients during the day.

5. Lane distribution factor, which accounts for the percentage of trucks in the tota l
traffic population in the design lane .

Level 2 The traffic data required for level 2 are the same as level 1, except that the
regional axle load spectra data, instead of the facility-specific axle load spectra data ,
are used. Level 2 requires the collection of enough truck volume information on a
facility to accurately measure truck volumes, including any weekday/weekend volum e
variation and any significant seasonal trends in truck load . Vehicle weight is taken fro m
regional weight summaries maintained by each state that are used to differentiat e
between routes with heavy weights and those with light weights.

Level 3 Level 3 uses regional or default classification and axle-load spectra data . It is
used when the designer has only a value for average annual daily traffic (AADT) an d
a truck percentage for the roadway in question . A regional or statewide average load
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distribution, default distributions developed by the agency, or the default load distrib-
ution tables provided in the 2002 Guide are used for a level 3 analysis .

F.2 .2

	

Material Characterizatio n

Two categories of material properties are considered : response properties and distres s
properties . The response properties, such as elastic modulus and Poisson ratio, ar e
required to predict the states of stress, strain, and displacement within the structure .
The distress properties are used through transfer functions to predict the major mode s
of distress associated with a particular material, such as fatigue, low-temperature
cracking, permanent deformation of asphalt pavements, and repeated load fatigue an d
joint faulting of rigid pavements .

Asphalt Materials The elastic modulus of asphalt mixtures is the dynamic modulus, dis -
cussed in Sections 7 .2 .1 and A.4. The dynamic modulus of AC is known to vary with tem -
perature, rate of loading, and age. In the 2002 Guide, a relationship was develope d
between the dynamic modulus, the time rate of loading, and mixture temperature . This is
referred to as the master curve. The master curve, coupled with an asphalt binder aging
model, can be used to select mixture modulus values at incremental points in the desig n
analysis period . This time–temperature superposition principle was discussed in Sectio n
2 .3 .2 and applied in KENLAYER to convert the creep compliances from one tempera-
ture to the other. Table El shows the three levels of inputs for asphalt materials .

PCC Materials PCC materials can be divided into two major groups : intact and frac-
tured slabs . A great deal of information is available on the material properties, majo r
distress functions, and strength of intact slabs . The recommended test procedure for de-
termining the elastic modulus and Poisson ratio of concrete using cylindrical specimen s
is specified in ASTM Standard C 469 . The test provides a stress—strain ratio value, Ec ,
and a Poisson ratio based on the lateral to longitudinal strains . Fractured slabs are used
in PCC rehabilitation involving the reduction of slab length to minimize the influenc e
of reflective cracking in subsequent overlays . As the degree of fracture is increased, th e
effective moduli of the PCC slab decreases and finally might approach to that of a
high-quality stone base . One of the most reliable ways for determining moduli of these

TABLE F.1

	

Three Levels of Inputs for Asphalt Materials

Design Type Input Level

	

Description

New 1 Conduct laboratory dynamic modulus test, perform tests on binder, simulat e
aging of mix, develop mix master curv e

2 Use predictive equation for dynamic modulus, perform tests on binder,
develop mix master curv e

3 Use predictive equation for dynamic modulus, develop mix master curv e

Rehabilitation 1 Backcalculate by FWD, develop mix master curve with aging, test cores i n
laboratory

2 Determine mix properties from cores, develop mix master curv e
3 Develop undamaged mix master curve from typical mix properties, adjus t

for damage based on distress surveys
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TABLE F.2 Three Levels of Inputs for PCC Material s

Design Type Input Level

	

Description

New 1 Lab determined elastic modulus at 7, 14, 28, and 90 day s
2 Modulus estimated from compressive strengt h
3 Modulus selected from typical values based on agency experience

Rehabilitation of 1 FWD backcalculation or coring and lab testing (see 1 above )
intact slabs 2 Same as 2 above

3 Same as 3 abov e

Rehabilitation of 1 FWD backcalculation of fractured slabs
fractured slabs 2 Modulus selected from table based on slab condition

3 Modulus selected from table based on nominal fractured slab size

systems is through backcalculation from FWD data . Table F.2 shows the three levels of
inputs for PCC materials.

Unbound Materials In the 2002 Guide, the following nonlinear model is used t o
characterize the resilient modulus of unbound bases, subbases, and subgrades :

l 2(root

	

k 3
MR = k1Pa(Pa)	 +

	

(El)

in which MR = resilient modulus, pa = atmospheric pressure to normalize stresse s
and modulus ; kl , k2 , k3 = regression constants which are functions of material type s
and properties ; B = stress invariant, or the sum of the three principal stresses ; and
Toct = octahedral shear stress . The octahedral stress can be expressed a s

V (0-1 — 0-2)2+ (0-2 — 0-3)2+ (0-1 —0-3) 2
T oct =

	

3

In using triaxial tests to determine MR, 0-3 = 0-2, so Toet = 0.471 (al — a2 ) . It can
be seen that the octahedral shear stress is related directly to the deviator stress . Thi s
universal model, applicable to all types of unbound paving materials ranging from ver y
plastic clays to clean granular bases, is currently being studied in an ongoing NCHR P
Project 1-28A on the development of a harmonized MR test protocol . For purely cohe -
sive clays, the k2 term will approach a value of 0 ; while for a cohesionless granular ma-
terial, k3 approaches 0 .

Table F.3 shows the three levels of inputs for determining the resilient modulus o f
unbound materials . In the 2002 Guide, each of the three input levels is further subdi-
vided, so there are actually eight levels of inputs for new pavements and also eight lev-
els for rehabilitated pavements . However, these subdivisions are included in the mai n
division and not separately shown in Table F .3 .

F.2 .3

	

Climate

The climate factors that affect pavement design include temperature and moisture . The
properties of asphalt materials are highly temperature dependent . Temperature gradients
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TABLE F.3 Three Levels of Inputs for Determining MR of Unbound Materials

Design Type

	

Input Level

	

Description

New

	

1 Use kl , k2 , k3 nonlinear coefficients, which can be determined b y
direct tests, predictive equations, or tabular summary based on soi l
classification grou p

2 Correlate MR from predictive equations, CBR or R values, o r
plasticity/gradation propertie s

3 Correlate MR from soil classification

Rehabilitation

	

1 Backcalculate MR using direct FWD measurements or tabula r
summary of backcalculated values by soil group

2 Correlate MR from predictive equations, CBR, R values, dynami c
cone penetration test, plasticity/gradation properties or laye r
coefficient s

3 Select typical MR as default based on soil classification and design
conditions

on PCC slabs cause curling, while moisture gradients cause warping, both affecting th e
contact conditions between slab and foundation . The properties of unbound material s
are affected by moisture and frost . The effects of temperature and moisture regime s
should be considered on a project basis using site-specific environmental factors . Of
the several procedures available to establish site-specific variations, the one showin g
the most promise for integration within the 2002 Guide is the FHWA's Integrated Cli -
mate Model (ICM) . The ICM is a comprehensive environmental-effect model that
consists of four primary sub-models : precipitation, infiltration and drainage, cli-
mate–material–structure, frost heave and thaw settlement . The model was enhanced by
the research team and renamed as the Enhanced Integrated Climate Model (EICM) .
With the input of hourly climatic data, the model can produce hourly temperature pro -
files through the PCC slab and the seasonal moduli of base and subgrade . The nonlin-
ear hourly temperature profiles can be converted to equivalent linear temperatur e
differences for computational efficiency.

F.2 .4

	

Reliability

Due to the large numbers of inputs, it was indicated by the research team at the outse t
that the Monte Carlo simulation method would be used in the 2002 Guide. However, it
was later found that the number of calculations for the performance prediction ove r
the entire design life for even a deterministic analysis is just too long, especially for
flexible pavements, thus making the Monte Carlo simulation approach practically in -
feasible. Although the Monte Carlo procedure theoretically could have been used for
rigid pavements, as their structural analysis is a bit simpler and has been optimized in a
very fast neural network, NCHRP and the project team thought it essential to keep the
reliability approach the same for both pavement types . After some careful studies, the
residuals of distress models i .e. the differences between measured and predicte d
distresses are being used for both flexible and rigid pavement reliability. This residua l
method is based on the contention that the residuals represent the accuracy of th e
distress prediction model and smaller residuals indicate a more reliable design . A major
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drawback of this method is that the residuals are obtained from the results of calibration ,
which itself may not be reliable . By assuming the residuals as normal distribution with
a mean and a standard deviation, the predicted distress at any level of reliability can b e
determined .

The Monte Carlo method has not been discussed anywhere in this book . The po -
tential use of the method in future pavement design makes it worthwhile to describ e
briefly here .

The Monte Carlo Method is a statistical method quite different from the numer-
ical methods discussed in this book . In many applications of the Monte Carlo method ,
the physical process is simulated directly, and there is no need to even write down th e
equations that describe the behavior of the system . The only requirement is that the
system be described by probability density functions (PDFs) from which the Mont e
Carlo simulation can proceed by random sampling . Many simulations are then per -
formed and the desired result is taken as an average over the number of observations .
In many practical applications, one can predict the statistical error or the variance o f
this average result and, therefore, an estimate of the number of Monte Carlo trials
needed to achieve a given error .

In the case of pavement design, each input parameter has a PDF such as the nor -
mal distribution with a mean and a variance, as discussed in Section 10 .1 .3 . By random
sampling, an input value is picked from each of the PDFs . These input values, which are
somewhat different from the given mean values, will be processed through the com-
puter program, and an outcome is predicted . After n number of trials, n number of out -
comes can be obtained . These outcomes can be used to determine the mean an d
variance of the outcome, and thus, the reliability of the design can be evaluated .

It can be seen that the Monte Carlo method is somewhat similar to the Rosen-
blueth method described in Section 10 .4 . However, the number of trials and the inpu t
values in the Rosenblueth method are predetermined, but those in the Monte Carl o
method are arbitrary or randomly selected. The problem with the Rosenblueth metho d
is that it can be applied only to simple problems with a limited number of variables . I f
there are n input variables, the Rosenblueth method requires 2" trials, which is practi -
cally impossible if n is large . This problem can be easily overcome by the Monte Carl o
method because, regardless of the large number of inputs, only a limited number of tri -
als are needed. With the great increase in speed of personal computers and the com-
plexity of problems to be solved, it is expected that the Monte Carlo method will gai n
popularity in the years to come.

F.3

	

DISTRESS PREDICTION MODEL S

The mechanistic–empirical method of design used in the 2002 Guide consists of tw o
parts. The first part involves the use of mechanistic structural models to determine the
stresses, strains, and displacements in the pavement structure, and the second part in-
volves the use of mechanistic or empirical distress models to predict the type and ex -
tent of damage at various times. When each type of damage exceeds the allowabl e
limit, the proposed design of a new pavement must be revised or appropriate rehabili -
tation of an existing pavement will be needed .
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Most of the distress models are regression equations consisting of a number o f
constants, which must be carefully calibrated so a best fit between the predicte d
distresses and the actual field measurements can be obtained . A major problem with a
regression model is that it may not include all of the factors that affect the predicted
distress . As long as these unaccounted factors remain unchanged, the regression mode l
can be applied with confidence . However, if the same model is applied to anothe r
region where the unaccounted factors are quite different, the prediction may no longe r
be valid and a recalibration of the model is needed .

F.3.1 AC Pavements

The methodology of calibrated mechanistic procedure presented in Figure 11 .1 is similar
to that used by the 2002 Guide, with two exceptions. First, the 2002 Guide considers not
only the alligator fatigue cracking from bottom up but also the longitudinal fatigu e
cracking from top down . Second, the 2002 Guide predicts the pavement roughness usin g
the International Roughness Index (IRI), which is not included in Figure 11 .1 .

Fatigue Cracking The basic fatigue equation used in the 2002 Guide to determine th e
allowable number of load repetitions is the same as Eq. 3 .6 with three coefficients . Fa-
tigue beam tests with constant stress or constant strain control, as described in Section
7.31, can be used to determine these three coefficients in the laboratory . However ,
these coefficients must be adjusted to represent the actual field conditions. Damag e
ratio, which is a ratio between the actual number of load repetitions and the allowabl e
number of load repetitions, is computed for each load in each season and accumulated
over the years. The accumulated damage ratio is then correlated to the percentage o f
pavement cracking by area using regression equations that are calibrated as part of th e
field calibration/validation process .

Most of the fatigue cracking occurs at or near the wheel path where the tensil e
strain at the bottom of HMA is the greatest . However, some longitudinal cracking ma y
occur between the two wheel paths where the top of HMA is under tension . Although
longitudinal cracks are few in number, they contribute to the integrity of the pavemen t
and should be controlled by proper design .

Rutting The repeated load tests on cylindrical specimens of asphalt mixtures or un-
bound materials can be used to determine the permanent deformation parameters o f
each material, as described in Section 7 .4 . For asphalt mixtures, it is assumed that th e
permanent strain is proportional to the resilient strain as represented by the followin g
equation :

sp = 0.0007I3r1T1
.7341 2N0.39937/ir3

Er

in which sp = permanent strain; sr = resilient strain ; T = AC temperature ; N =
number of load repetitions; and 1%1, 13 r2, 13r3 = calibration factors . The numerical coef-
ficients are obtained from laboratory tests and should be adjusted in the field by th e
calibration factors .
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Eq. F.3 is similar to Eq . 7 .41 and indicates that a plot of log sp versus log N result s
in a straight line, as shown in Figure 7 .28 . Substituting the average vertical compressive
strain, s r , in the asphalt layer computed by the software program into Eq . E3, the per -
manent vertical strain, s p , can be determined . Multiplying e p by the thickness of the
layer gives the rut depth caused by permanent deformation of the AC layer .

The equation for permanent deformation of unbound materials was originall y
proposed by Tseng and Lytton (1998) and can be expressed a s

8 a = Ns1Evh(0)Le 1N! J

	

(E4)

in which S a = permanent deformation of the unbound layer ; 13 s1 = field calibration
factor ; e = base of natural logarithm with a value of 2 .71828; N = number of load rep-
etitions; sv = average vertical resilient strain obtained from the software program ;
h = thickness of the layer ; /3, p, and so = regression constants representing material
properties ; and sr = resilient strain imposed in the laboratory test to obtain the thre e
regression constants . The ratio so/sr is usually combined to represent a material prop -
erty. It can be seen that, similar to AC layers, the permanent deformation of unbonde d
layers is also proportional to the resilient deformation .

Thermal Fracture The indirect tensile test can be used to predict thermal fracture.
The thermal cracking model is basically the same as in the SHRP Superpave Perfor-
mance Models (Lytton, et al ., 1993) . The equation used for calibration is

(log C/hac l
Cf = atlalNo 	 if

	

(F.5)

in which Cf = observed amount of thermal cracking in ft (m) ; al = calibration factor
based on LTPP data ; No = standard normal distribution evaluated at 0 ; C = predicted
crack depth by a crack propagation model ; h ac = thickness of AC layer; a- = standard
deviation of the log crack depth; and p3 t1 = field calibration factor .

Roughness The International Roughness Index (IRI), as described in Section 9 .2 .2, is
used to evaluate roughness. The IRI is evaluated by increments as indicated by

IRI = IRIo + IRI

	

(F.6a)

AIRI = Function (Di , Sf)

	

(E6b)

in which IRIo = pavement smoothness when it is newly constructed, D i = effect of
surface distress, and Sf = effect of non-distress variables or site factor .

F.3.2 PCC Pavements

The design procedure generally follows that presented in Figure 12 .1 . The distres s
models for JPCP include fatigue cracking, joint faulting, and roughness while those fo r
CRCP are punchouts and roughness .



F.3 Distress Prediction Models

	

725

Fatigue The number of allowable repetitions varies with the stress ratio, which is a rati o
between the tensile stress, o-, and the modulus of rupture, Sc . Since S, increases with age,
the following strength-gain model can be used to determine S, at various ages .

STRATIO = 1 + 0 .1249 log (AGE/0.0767) — 0.01566 [log (AGE/0 .0767)] 2

	

(F.7 )

in which STRATIO = ratio of PCC strength at a given age to 28-day strength,
AGE = PCC age in years. The model gives a strength gain of 1 .12 at 10 years and 1 .2 1
at 20 years . In contrast to the PCA equation, which limits the maximum stress ratio t o
1, Eq. F.8 which allows the stress ratio as high as 2, can be used in the field . Keep in
mind that the probability of cracking at a stress ratio of 1 is 50% . If the probability o f
failure is greater than 50%, the stress ratio should be greater than 1 .

Log N =

Log(1 — P )

a

y

in which N = allowable number of stress repetitions ; P = probability of cracking ; and
a, 13, and y = fatigue coefficients obtained from fatigue tests with P = 0 .5 . In applying
Eq. F.8 to field conditions, P also serves as a calibration factor to match the field data .

Similar to AC pavements, both bottom-up and top-down crackings are consid-
ered. The fatigue damage is determined b y

Dr
=

E
nijklmn

	

(F.9)
N'jklm n

in which Dr = damage ratio, n tjklmn = actual number of load repetitions, Nejklmn =
allowable number of load repetitions computed by Eq . F.8, i = age with 4 categories ,
j = season with 2 to 4 categories, k = axle combination with 3 categories, 1 = loa d
level with 5 to 10 categories, m = temperature gradient with 7 categories, an d
n = traffic path with 4 to 8 categories . Eq. F.9 is very similar to Eq. 3 .19 incorporated in
KENSLABS, which only considers season (period) and load (both axle combinatio n
and load level), but the 2002 Guide also considers age, season, temperature gradient ,
and traffic path .

In calibrating the fatigue model, the percentage of slab cracking, as observed in
the field, is plotted against the damage ratio based on P = 0 .5, and the following char -
acteristic fatigue curve is used to get the best fit :

Dr b
Slab Cracking =	 x 100

	

(F.10)
a b + Dr b

in which a and b are the calibration factors. From this fatigue curve, the damage ratio at
50% slab cracking can be determined. Because the damage ratio at 50% slab cracking ,
obtain from this fatigue curve, is most probably not equal to 1, the curve must be shift -
ed horizontally by changing P so that 50% slab cracking occurs at Dr = 1 . The per-
centage of slabs cracked can be predicted by successive applications of Eqs . E7
through F.10 .
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Faulting Incremental faulting is computed for each month using the following model:

DFAULT = A(FAULTMAX — FAULT)2 E (n i- DE,i )

	

(E.11 )
1]

in which DFAULT = incremental faulting; FAULTMAX = maximum potentia l
faulting (which is a function of corner deflection, erodibility, number of wet days, an d
overburden pressure) ; FAULT = current cumulative faulting at month beginning ,
DE 1j = differential energy (which varies with axle type i and load level j) ; nij =
number of load repetitions, and A = a calibration constant .

Summation of all the previous incremental faulting gives the faulting at any
given time .

Punchout Punchout is the major distress in CRCP and consists of an area enclose d
by two closely spaced transverse cracks, a short longitudinal crack, and the edge of th e
pavement or a longitudinal joint . The short longitudinal crack is located between th e
two wheel paths and caused by the critical tensile stress at the top of the slab . The me-
chanics of punchouts are described in Section 12 .1 .6 . Crack spacing, crack width, an d
loss of load transfer efficiency (LTE) across the cracks are the major factors that con -
tribute to punchouts . These factors must be evaluated so that the critical stress can b e
computed and the fatigue damage determined. The following transfer function is the n
used to relate the fatigue damage to the number of punchouts .

	

POy = e
eie+

~ La~~,»*[5280*P(L

	

2 ft)/-L]

	

(F12 )

in which POy = number of punchouts per mile at the end of the yth year; e = base o f
natural logarithm; Dy = accumulated fatigue damage at the end of the yth year ; b and
m = punchout calibration constants ; L = mean crack spacing in inches ; and
P(L 2 ft) = probability of crack spacing of 2 ft or less as a fraction. Note that Dy i s
the damage ratio similar to Eq . F.9 (with only two indexes of time increment and loa d
level), and that L and P(L 2 ft) can be computed from close-form formulas .

Roughness Similar to AC pavements, roughness is measured by IRI . The IRI at any
given time depends on the initial IRI and the change in IRI, as indicated by the follow -
ing regression equations :

IRI = IRI0 + CI CRK + C2 SPALL + C3 TF + C4 SF

	

(R13)

in which IR1 0 = initial IRI; CRK = cracked slabs in% ; SPALL = spalled joints in% ;
TF = total joint faulting in inches per mile ; and SF = site factor (which is a functio n
of age, freezing index, and the percent of fines (minus 200) in the subgrade). The vari -
ance of IRI can be determined from the variance of each component . From Eq . 10 .11 :

V [IRI] = V[IRI 0] + CiV [CRK] + CzV [SPALL] + C3V[TF] + Se

	

(E14)

in which SQ = variance of model residual error . The predicted IRI at a given relia-
bility R is

	

IRI R = IRI + QIRIZR

	

(F.15)
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in which IRI R = predicted IRI at reliability R; IRI = predicted IRI based on mean
inputs corresponding to 50% reliability; cr IRI = standard deviation of IRI ; and ZR =
standard deviate (see Table 11 .15) ,

SUMMARY

This appendix provides a brief introduction to the 2002 Design Guide . This Guide ,
when completed, will be a comprehensive procedure that addresses the design of th e
total pavement structure, not just layer thickness. However, only the information relat -
ed directly to the thickness design was presented here . It should be borne in mind that
the purpose of this appendix is not to cover every aspect of the Guide but is merely t o
shed some light on the design principles and general approach . Detailed procedure s
are not available currently and, even if available, might be subject to changes in th e
immediate future through the various review and implementation processes .

From the information posted on the Internet, it appears that the procedure fo r
the design of rigid pavements has been well established and is ready for implementa-
tion . However, this is not the case for flexible pavements, where very little informatio n
on the field calibration of fatigue cracking and thermal fracture was presented, and th e
method used for reliability was not even mentioned . One difficulty in the implementa -
tion of the 2002 Guide is the calibration of the distress models. Calibration require s
good and reliable traffic and performance data, which may not be readily available .
The use of level 3 inputs by default or engineering guessing is not warranted because i t
defeats the very purpose of the calibrated mechanistic method . Even after the Guide i s
published, great efforts are needed on the part of users to collect performance data an d
calibrate the distress prediction models before putting it into practical use . Some mod -
ifications and improvements of the 2002 Guide are expected for many years to come .
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A a/h2 of a three-layer system ; or area of dowel; or average number of axle s
per truck; or temperature susceptibility of bitumen; or cross-section are a
normal to direction of flow ; or area of pipe ; or area cracked ; or perma-
nent deformation parameter in the Ohio State model ; or regression con-
stant relating effective indirect tensile strength to modulus of rupture of
concrete ; or factor to convert PCC thickness to AC overlay thickness.

AC

	

asphalt concrete
AC/PCC asphalt concrete overlaid Portland cement concret e
ADT

	

average daily traffic
(ADT)o average daily traffic at start of design perio d
ADTT average daily truck traffic
AOS

	

apparent opening size of fabri c
A c

	

tire contact are a
A i

	

constant of integration for layer i ; or coefficients of PSI equatio n
intercept of log deflection versus log E

A S

	

area of steel per unit width of slab
A~

	

area of one tie bar at longitudinal joint; or regression constant in stiff-
ness modulus tes t

a

	

contact radius; or half-length of rectangular finite element ; or a constant;
or distance from support to third point of beam ; or pavement age in year s

a'

	

modified contact radiu s
aoL

	

structural layer coefficient of asphalt overla y
aT

	

time-temperature shift factor
ad

	

contact radius of dual tires
a eq

	

equivalent tire contact radiu s
as

	

contact radius of single tire
a l

	

distance from corner of slab to center of load
a l , a2, a 3 layer coefficients for asphalt surface, base, and subbase courses, re-

spectively

728
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B

	

a coefficient for determining AOS ; or a pavement roughness property ;
or a damage factor ; or slab bending correction facto r

BPN

	

British Pendulum Numbe r
Bi

	

constant of integration for layer i; or coefficients of PSI equation
b

	

total compliance due to retarded strain ; or half-width of rectangular
element ; or a constant ; or width of beam

C conversion factor for dual or dual-tandem wheels ; or correction factor
for warping stress in finite slab with length L ; or coefficient of varia-
tion; or area cracked ; or adjustment factor due to slab-subbase friction ;
or cohesiometer value ; or fatigue correction factor due to differen t
mixes ; or a pavement roughness property ; or a constant ; or adjustment
factor from backcalculated MR to design MR

CBR

	

California Bearing Ratio
CF

	

condition factor
CRCP continuous reinforced concrete pavement
CTB

	

cement-treated bas e
CW

	

crack width
Cd

	

drainage factor for rigid pavement s
Ci

	

constant of integration for layer i
Ck

	

Hazen's coefficient relating effective size to permeability
CI„

	

correction factor for dynamic effect
COV

	

covariance
CS

	

spacing of transverse cracks or joints
Cu

	

uniformity coefficient
CW

	

shear spring constant of join t
Cx

	

correction factor for finite slab with length L X
Cy

	

correction factor for finite slab with length Ly
Cl

	

an adjustment factor for erosion :1 for untreated subbases, 0 .9 for stabi-
lized subbase s

C2

	

equivalent damage ratio : 0 .06 for edge loading, 0 .94 for corner loadin g
Co

	

moment spring constant of joint
c

	

side length of a square contact area ; or initial curling of slab ; or a con-
stant ; or cracking index; or critical period correction factor

c i

	

coefficients of Dirichlet series for viscoelastic response ; or initial curl-
ing of slab at node i

c l

	

fatigue coefficient of laboratory specime n
D creep compliance ; or differential operator a/at ; or depth of sealant

reservoir ; or thickness of concrete slab by AASHTO method ; or per-
centage of ADT in design direction; or diameter of pipe ; or constant re -
lating modulus of rupture to modulus of elasticity of concrete ; or total
thickness of pavement layers above subgrade

DETJT percentage of deteriorated joints
DTD

	

design temperature dro p
DoL

	

required thickness of overlay

DSB

	

thickness of subbase under concrete slab
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DSG

	

thickness of subgrade above a rigid foundatio n
Da , Db

	

grain sizes corresponding to a and b % passin g

Dac

	

thickness of existing AC surface
Duff

	

effective thickness of in situ PCC pavement prior to overla y
Df

	

PCC thickness required to support overlay traffic
Di

	

creep compliance at time i ; or constant of integration for layer i ; or
functions of surface deterioration in PSI equatio n

Dpec

	

thickness of existing PCC slab
Dr

	

damage ratio at end of year ; or damage ratio at the end of desig n
period

DX

	

grain size corresponding to x% passin g
D1 , D2 , D3

	

thickness of hot mix asphalt, base, and subbase by AASHTO method
D2

	

amount of displacement in stabilometer tes t

D15, D50, D85 grain size corresponding to 15, 50, and 85% passing, respectivel y
d distance from neutral axis to bottom of slab ; or duration of movin g

load; or clearance between dual tires; or diameter of steel bar; or
distance to the center of slab where curling is zero ; or a constant;
or distress indicator ; or subgrade typ e

di1

	

distance between node i and node j
d,

	

surface deflection at a distance r from the load
ds

	

deformation of saturated specime n
d„

	

deformation of unsaturated specime n
do

	

deflection measured at the center of the load plate
d12

	

deflection measured at 12 in. from the load
d24

	

deflection measured at 24 in. from the load
d36

	

deflection measured at 36 in. from the load
E elastic modulus ; or elastic modulus of concrete ; or expectation ; o r

error between PSR and PSI ; or equivalent factor for emulsified as -
phalt base

E Laplace transform of E
E *

	

complex modulu s
I E *

	

dynamic modulu s
EALF

	

equivalent axle load factor
EDR

	

equivalent damage ratio
ELP

	

elastic layer program
ESAL

	

equivalent single-axle load, which is the total number of repeti-
tions of a standard 18-kip axle load during the design perio d

ESB

	

resilient modulus of subbase for concrete pavement
ESWL

	

equivalent single-wheel load
Eu

	

elastic modulus of concret e
Ed

	

Young's modulus of dowe l
Ef

	

elastic modulus of solid foundation; or modulus in fully cured state
Ei

	

elastic modulus of Kelvin model; or modulus in uncured or initia l
state

Eo

	

initial elastic modulus for nonlinear soil ; or elastic modulus o f
Maxwell model; or stiffness modulus when a- = 0
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Ep

	

effective modulus of all pavement layers above the subgrad e
Er (N) elastic modulus due to unloading at Nth repetition
ES

	

stiffness modulus
E,

	

modulus at curing time t
E l

	

elastic modulus of layer 1 or HMA layer; or elastic modulus of Kelvin
model

E2

	

elastic modulus of layer 2 or base course
E3

	

elastic modulus of layer 3, which may be a subbase or a subgrad e
E4

	

elastic modulus of subgrade for a four-layer syste m
Eia , E lb elastic moduli of 1st and 2nd asphalt layers, respectivel y
e

	

critical tensile strain at the bottom of layer 1
F deflection factor ; or a function; or a force vector ; or tractive force at

tire-pavement contact ; or a probability function ; or faulting ; or temper-
ature adjustment factor

FWD

	

falling weight deflectometer
Fac

	

AC quality adjustment facto r
Fd

	

deflection factor under dual wheel s

Fdnr

	

durability adjustment factor
Fe

	

strain facto r

Ffat

	

fatigue damage adjustment factor
F,

	

EALF for ith load group
F.k

	

joints and cracks adjustment facto r
F ir

	

joints and cracks adjustment factor for unbonded concrete overlay s
Fs

	

deflection factor under single wheel s
F(t)

	

function of t
vertical forc e

F0

	

moment about x axis
Foy

	

moment about y axi s
F2

	

deflection factor for two-layer system used in Figure 2 .17
f

	

flexural stress; or probability function
fa

	

average coefficient of friction between slab and subgrad e
fb

	

allowable bearing stress between dowel and concret e
f 'c

	

ultimate compressive strength of concret e
fs

	

allowable stress in stee l
ft

	

concrete indirect or splitting tensile strengt h
fte

	

effective indirect tensile strength of concrete
fi f2' f3 coefficients of fatigue criterion
At, As

	

coefficients of permanent deformation criterio n
G shear modulus of dowel ; or traffic growth multiplier; or specific gravity
Gb

	

specific gravity of bitume n
Gg

	

specific gravity of aggregate
Gi

	

coefficient of Dirichlet series for creep complianc e
Gm

	

specific gravity of mixture
GS

	

specific gravity of soil solid
Gi

	

function of terminal serviceability index pt

g

	

function of random variables; or acceleration of gravity
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g13

	

flexibility coefficient for deflection at i due to force at j
H h l/h 2 of three-layer system ; or thickness of all layers combined ; or ini-

tial height of groundwater table above impervious layer ; or thickness
of drainage layer; or tensile strength of HMA

HMA hot mix asphalt
Ho

	

vertical distance between bottom of drainage layer and imperviou s
layer

h

	

thickness ; or thickness of concrete slab ; or thickness of beam
hoL

	

thickness of overlay
h e

	

effective thickness ; or thickness of existing pavemen t
h i

	

thickness of slab at node i
h„

	

thickness of new pavement
h l

	

thickness of layer 1 or asphalt surface course
h 2

	

thickness of layer 2 or granular bas e

h la, h lb

	

thickness of 1st and 2nd asphalt layers, respectivel y
hl

	

modified thickness of layer 1
I

	

moment of inertia ; or intercept of log e p versus log N curve at N = 1 ;
or low-temperature cracking inde x

IRI

	

international roughness index

4

	

composite moment of inertia of two layers ; or crack infiltration rat e
Id

	

moment of inertia of dowel
an index for Kelvin models, Dirichlet series, load groups, loading times,
layer numbers, design periods, or nodal points; or hydraulic gradient

J load transfer factor for rigid pavements
JPCP

	

jointed plain concrete pavement
JRCP

	

jointed reinforced concrete pavement
JS

	

joint spacin g
Jo

	

Bessel function of first kind and of order 0
Jl

	

Bessel function of first kind and of order 1
K modulus of dowel support ; or overall stiffness of slab system
Kf

	

stiffness matrix of foundatio n
Ko

	

coefficient of earth pressure at rest
Kp

	

stiffness matrix of slab or plat e
K l nonlinear coefficient of granular materials; or breakpoint resilient

modulus of non-linear fine-grained soils ; or stiffness matrix within as -
signed half band; or coefficient of fatigue equatio n

K2 nonlinear exponent of granular materials ; or deviator stress at break -
point for nonlinear fine-grained soils ; or stiffness matrix outside th e
assigned half-band ; or exponent of fatigue equatio n

K3

	

slope of first straight line for nonlinear fine-grained soil s
K4

	

slope of second straight line for nonlinear fine-grained soil s
k

	

modulus of subgrade reaction ; or permeability
k1

	

modulus of subgrade reaction at node i
kp

	

permeability of pavement surface
ks

	

saturated modulus of subgrade reaction
ku

	

unsaturated modulus of subgrade reaction
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k1

	

E11E2 of a three-layer system
k2

	

E21E3 of a three-layer syste m
koo

	

modulus of subgrade reaction when DsG is greater than 10 ft
L length of tire contact area; or load factor defined as 2Pd/Ps ; or Laplace

transform; or length of slab ; or average nodal spacing at joint ; or per-
centage of ADT in design lane ; or weight of lead shot in cohesiometer
test ; or length of beam between supports ; or length of drainage layer ; o r
Fourier transform

L'

	

distance from longitudinal joint to the free edge of slab
LS

	

factor indicating loss of subgrade suppor t
LSF

	

load safety factor
LTE

	

load transfer efficiency
Le

	

average length of each encroachmen t
L i

	

distance of groundwater influence
L o

	

distance between outlets; or length of observed distance
L p

	

average distance traveled during parking
L S

	

load in kip on standard axles
L(t)

	

moving load function
L x

	

load in kip on one single axle, one set of tandem axles, or one set o f
tridem axles ; or length of slab in x direction

Ly

	

length of slab in y direction
L 1

	

load factor for a = 6 in. (152 mm) ; or distance measured on grain siz e
curve; or load on one single axle or a set of tandem or tridem axle s

L2 load factor for a = 16 in. (406 mm) ; or axle code, 1 for single axle, 2 fo r
tandem axles, and 3 for tridem axles ; or distance measured on grain siz e
curve

M

	

moment
MAAT mean annual air temperatur e
MAD moisture accelerated distres s
MDD multidepth deflectometer
MPR mean panel rating
MTD mean texture depth
Ma

	

mean monthly air temperatur e
Mp

	

mean monthly pavement temperatur e
MR

	

resilient modulus ; or effective roadbed soil resilient modulu s
m number of axle load groups; or parameter for layered system; or number

of periods in a year ; or permanent deformation exponent in the Ohi o
State mode l

m 2 , m3 drainage coefficients for base and subbase courses, respectivel y
N allowable number of load repetitions ; or number of blocks in influenc e

chart ; or number of load repetitions ; or number of traffic lanes
NDT

	

nondestructive testin g
NR

	

percentage of drivers indicating that pavement needs repai r
NT

	

actual traffic during design period
Na

	

allowable number of load repetitions on existing pavement before overla y
Ne

	

number of longitudinal cracks
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Nd

	

allowable number of load repetitions to limit permanent de -
formation

Ne

	

encroaching traffic ; or number of load repetitions on existin g
pavement before overlay

Nf allowable number of load repetitions to prevent fatigue
cracking; or number of load repetitions expected on a new
overlay

Ni allowable number of load repetitions due to ith axle load ; or
allowable number of load repetitions during ith period ; or al -
lowable number of load repetitions during ith stag e

Nmax

	

maximum number of steel bars per traffic lan e
Nmin

	

minimum number of steel bars per traffic lane
No

	

number of load applications on the outside lan e
Np number of parked trucks per day ; or number of load repeti-

tions at which the payment reaches a serviceability tha t
requires overlay

Nr

	

actual performance traffic
N1 .5

	

total traffic a pavement could be expected to carry to failur e
N18

	

number of equivalent 18-kip single-axle load s
n number of Kelvin models; or number of terms in Dirichle t

series ; or number of layers; or predicted number of load rep -
etitions ; or direction of moment in influence chart ; or number
of observations ; or number of random variables ; or rough-
ness coefficient in Manning formula ; or porosity ; or number
of construction stages; or an exponent in overlay equation

ne

	

effective porosity
ni number of passes of ith axle load ; or predicted number o f

load repetitions during ith period ; or predicted number o f
repetitions during ith stag e

(no)1, ( no)2, (no)3 number of single-, tandem-, and tridem-axle loads per day a t
start of design period, respectively

n,

	

additional number of load repetitions that can be applied t o
existing pavement after overlay

P a concentrated load; or percent by weight ; or area patched ; or
rate of work for erosion ; or percentage of stee l

PCC

	

Portland cement concrete
PI

	

penetration index ; or profile index ; or plasticity index ; or
pumping inde x

PMS

	

pavement management system
PNG

	

percent normalized gradient
PSI

	

present serviceability index
PSIf

	

final or terminal serviceability inde x
PSI,

	

present serviceability index at point i
PSIo

	

initial serviceability index
PSR

	

present serviceability rating
Pb

	

bitumen content
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Pd

	

load on each of dual wheels
Pe

	

percent encroaching traffi c
Ph

	

transmitted horizontal pressure in stabilometer test
P~

	

force at node j
Pmax maximum percent stee l
Pmin minimum percent stee l
Pp

	

percent parking traffic
Pr

	

permanent deformation at radial distance r from the load
Ps

	

load on single wheel
Pt

	

load on one dowel
Pv

	

applied vertical pressure in stabilometer tes t

P200

	

percent passing 200 siev e
P77F

	

penetration at 77°F
P#8

	

percent by weight passing no . 8 sieve
p

	

transform variable ; or unit pressure ; or shear force per length of joint ; or
number of periods per year

p f

	

ultimate failure serviceability
pi

	

ith transform variable; or percentage of axles in ith load group
Po

	

initial serviceability inde x

Pi

	

initial serviceability of existing pavement

P2

	

serviceability of existing pavement that requires overla y
Pt

	

terminal serviceability index
Q discharg e
q

	

uniform contact pressure ; or discharge
q

	

Laplace transform of contact pressur e
qL

	

total inflow to longitudinal collecto r
qd

	

contact pressure of dual tire ; or design discharg e
qg

	

inflow to drainage layer from groundwate r
qi

	

inflow to drainage layer from surface infiltratio n
qm

	

inflow to drainage layer from melting of ice lense s
qs

	

contact pressure of single tire
q(r)

	

pressure under a rigid plate as a function of r
ql

	

inflow to longitudinal collector from groundwate r
q2

	

inflow to drainage layer from groundwate r
R response due to q expressed as stress, strain, or displacement ; or radius o f

a warped slab; or modulus of rigidity ; or resistance value ; or hydraulic ra-
dius; or level of reliability

R *

	

response due to —mJo(mp)
RD rut depth
RDD rolling dynamic deflectometer
RD mean rut depth
RF

	

reduction factor indicating the degree of curing
RL

	

remaining life of existing pavement, in percen t
RN roughness number
RR

	

rate of rutting
RR1 radial stress factor at bottom of layer 1
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RR2

	

radial stress factor at bottom of layer 2
RTRRM response-type road roughness mete r
R i

	

functions of profile roughness in PSI equation
r

	

radial coordinate; or a random variable ; or traffic growth rate ; or
distance from load

S slope of straight line in permanent deformation test ; or slope of pipe ;
or slope of drainage layer; or slope of load distribution for nonlinea r
analysis; or braking distance ; or pavement slope measured by a

_

	

profilometer ; or soil suction
S

	

mean of all slopes measured by a profilometer
SC

	

structural capacit y
SC eff

	

effective structural capacity of existing pavement
SCf

	

structural capacity of new pavement for future overlay traffi c
SCoL

	

required structural capacity of overlay
SCo

	

initial structural capacity of existing pavement
SDN

	

stopping distance numbe r
SN

	

structural number; or skid number
SNoL

	

required structural number of overla y
SNeff

	

total effective structural number of existing pavement prior to overla y
SNf

	

total structural number to support overlay traffi c
SNo

	

skid number at zero speed
SV

	

slope variance
SV

	

mean slope variance
Sb

	

stiffness modulus of bitume n
Sbit

	

stiffness modulus of original asphalt for analyzing low-temperatur e
cracking

Se

	

modulus of rupture of concrete
S Ce

	

modulus of rupture of existing concret e

Scn

	

modulus of rupture of new pavemen t
Sd

	

dual spacin g
Sf

	

slope facto r
Ski

	

slope of log deflection versus log E
S m

	

stiffness modulus of mixtur e
Smix

	

stiffness modulus of mixture determined directly from creep tes t
So

	

overall standard deviation in AASHTO design guid e
St

	

tandem spacin g
S1 , S2 , S3 vertical intercepts for use in method of successive residual s
s

	

vehicle speed ; or standard deviation ; or a random variable ; or shear
strength ; or number of sensors ; or stres s

ST

	

standard deviation for traffic predictio n
Sb

	

spacing of dowel bars
si

	

gap or precompression at node is gap is positive, precompression i s
negativ e

st

	

standard deviation for performance prediction
T

	

temperature ; or percentage of trucks in ADT
TH

	

average daily high temperature during the month the pavement i s
constructed
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TL

	

average daily low temperature during the coldest month of the yea r
TR&B temperature at ring and ball softening point
Tf

	

truck factor ; or time factor for drainag e

Ti

	

retardation time of ith Kelvin mode l
To

	

relaxation time of Maxwell model ; or reference temperatur e
T1

	

relaxation time of Kelvin mode l
T1 , T2 two temperatures at which penetrations are measure d
t

	

time; or length of tie bar ; or thickness of specimen
td

	

rest period
tt

	

loading tim e
tT

	

time to obtain creep compliance at temperature T
tTo

	

time to obtain creep compliance at reference temperature To
ti

	

time at ith incremen t
t 50

	

time for 50% drainag e
U degree of drainage

radial displacement ; or normal deviate (x – µ)/s ; or ratio d/2T; or pore
pressure

of

	

relative damage to flexible pavemen t
u r

	

relative damage to rigid pavement
3 variance; or vehicle speed
Va

	

volume of void
Vb

	

volume of bitumen
Vg

	

volume of aggregat e
v

	

discharge velocity
W

	

wheel load; or width of slab ; or width of specimen ; or total weight of bitu -
minous mixture ; or width of roadway ; or vertical load on tire

WT

	

predicted ESAL during design perio d
W~

	

length of transverse cracks or joints
W,

	

width of pavement
WS

	

width of slab
Wt

	

allowable ESAL during design perio d
Wtx

	

number of x axle load applications at end of time t
W 18 number of 18-kip axle load applications at end of time t
W18

	

allowable 18-kip single-axle load applications for a given reliabilit y
w

	

vertical deflection; or elastic deformation ; or width of sealant reservoir
w °

	

computed deflection
Wd

	

difference in deflection between left and right sla b
wg

	

amount of gap in spring or dowel at joint
wi

	

vertical deflection at node i

wii

	

deflection of node i due to force at node j
wl

	

deflection of left slab
w m measured deflection
w0

	

surface deflectio n
wo

	

Laplace transform of surface deflection
w,

	

permanent or plastic deformation
wr

	

deflection of right slab; or rebound deflectio n
X

	

crack spacing
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x

	

coordinate axis ; or distance from a diagonal cross section to the corner o f

slab; or a random variable
average of x

Y

	

design period in year s
y

	

coordinate axis ; or a random variable
yo

	

deformation of dowel at the face of join t
Z

	

ratio between concrete modulus and modulus of subgrade reaction; or
concrete shrinkage

ZR

	

normal deviate for a given reliability R
ZZ1

	

vertical stress factor at interface 1
ZZ2

	

vertical stress factor at interface 2
z vertical coordinate ; or distance below surface ; or thickness of pavemen t

considered as homogeneous half-space; or width of joint ; or normal devi-

ate; or distance above water tabl e
a contact area/total thickness, a/H ; or angle between a line and x axis ; or

permanent deformation parameter ; or thermal diffusivity; or compress-
ibility factor

a c

	

coefficient of thermal expansion for concret e
as

	

coefficient of thermal expansion for stee l
asys

	

permanent deformation parameter of pavement syste m
at

	

coefficient of thermal expansion
(3 soil constant indicating the increase in E per unit increase in 0 ; or slope

of log aT versus temperature; or relative stiffness of a dowel embedde d

in concrete

Nx

	

function of SN, Lx , and L2
113 1

	

to 05 constants to evaluate stiffness or dynamic modulus of HM A

Pis

	

value of [3 X when Lx is equal to 18 and L 2 to 1
y

	

unit weight ; or shear strain

ye

	

unit weight of concrete

yd

	

dry unit weight of soi l

yi

	

unit weight of layer i

yw

	

unit weight of water
A

	

deflection at beam center ; or deflection of plate loading tes t

AL

	

joint opening due to temperature change AT and drying shrinkag e
ALT deflection load transfer in percent
A l

	

loaded side deflection
A i1

	

unloaded side deflection
APSI serviceability los s
AS

	

shear deformation of dowel
AT

	

temperature range, which is the temperature at placement minus the
lowest mean monthly temperature ; or temperature increment

A e

	

corner deflection

	

e

	

deflection due to edge loadin g
A t

	

deflection due to interior loadin g
At

	

temperature differential between top and bottom of sla b
Aa

	

stress increment
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S

	

displacement vector of slab ; or recoverable deformation in indirec t
tension specimen
representative rebound deflectio n
displacement vector of foundation
assumed displacement vector of slab by the iterative metho d
design rebound deflection
length of hypotenuse ; or radius of relative stiffnes s
normal strain ; or drying shrinkage coefficient of concrete ; or elastic strain
Laplace transform of strain
strain due to load a
strain due to load b
vertical compressive strain on the surface of subgrade
initial strain in fatigue test ; or strain amplitud e
permanent strain
radial strain ; or recoverable strain
tangential strain ; or tensile strain at bottom of asphalt laye r
tensile strain due to x axle load ; or strain in x direction
strain in y direction
vertical strai n
squared error

E l , E 2 , E 3 major, intermediate and minor principal strain s
Els

	

tensile strain due to 18-kip single-axle load
B

	

stress invariant
ex

	

rotation about x axis
ey

	

rotation about y axis
A

	

viscosity ; or dimensionless vertical distance, z/H
Ao

	

viscosity of Maxwell model
A l

	

viscosity of Kelvin mode l
allowable bond stress between concrete and tie bar; or mean; or
permanent deformation parameter ; or coefficient of friction

µSys

	

permanent deformation parameter of pavement syste m
3 Poisson ratio

composite Poisson ratio of two layers ; or poisson's ratio of concret e
I' d

	

Poisson ratio of dowel
of

	

Poisson ratio of foundation
vl

	

Poisson ratio of layer 1
V2

	

Poisson ratio of layer 2
p

	

dimensionless radial distance, r/H ; or correlation coefficien t
Eo

	

bar perimete r
a-

	

normal stress ; or tensile stress in concrete slab; or tensile stress in
beam test

cr

	

Laplace transform of a-
ua

	

stress due to load a
6b

	

bearing stress between dowel and concrete ; or stress due to load b
ac

	

vertical compressive stress on subgrade ; or stress in concrete slab due
to corner loading; or tensile stress in concrete slab due to friction

8rr d

8 '

8 a

S d

E

E
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a cl

	

deviator stress a 1 — 0- 3

ve

	

stress in concrete slab due to edge loading
Qh

	

combined horizontal stress, including both loading and geostati c
stresse s

o-;

	

stress in concrete slab due to interior loadin g
initial stress on Maxwell model ; or initial stress in fatigue test ; or
stress amplitud e

o-p

	

consolidation pressure on subgrad e

0"r

	

radial stres s
0 r1

	

radial stress at bottom of layer 1

Qrl

	

radial stress at top of layer 2

Qr2

	

radial stress at bottom of layer 2

Crr2

	

radial stress at top of layer 3
Q s

	

steel stress
Qr

	

tangential stress ; edge stres s

a re

	

edge stress in existing overlaid pavement
Q t„

	

edge stress in new pavement
vro

	

edge stress in new overlay
Qv

	

vertical stress; or vertical combined stress including loading and

geostatic stresse s
v,,,

	

wheel load stress

0"x

	

stress in x directio n
cr y

	

stress in y directio n
vZ

	

vertical stres s

0 z1

	

vertical stress at interface 1

Crz2

	

vertical stress at interface 2

o , 0-2, O3 three principal stresses
o-i

	

maximum allowable major principal stres s
T

	

shear stress

Trz

	

shear stresses on r plane in z directio n
Alf

	

cumulative distribution function s
stress function ; or angle of internal friction; or reinforcing bar or wire

diameter ; or phase angl e
stress function for layer i

w

	

angular velocity
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Stress point, 103, 41 6
Structural deficiency, 62 9
Structural layer coefficient, 294, 515, 63 1

related to resilient modulus, 516
Structural models, 478, 53 3
Structural number, 515, 45 3
Subbase, 10, 295, 517
Subdrainage, 351, 435, 538

Subgrade, 10, 290, 460, 490, 494, 512, 64 2
Superpave, 25, 682

aggregate requirements, 68 4
asphalt binder grading system, 682
laboratory compaction, 68 9
mix design, 68 9
types of tests, 68 3

Superposition of wheel loads, 9 5
Surface friction, 401, 697
Surface infiltration, 35 2
Surface or wearing course, 9
Surface texture, 40 3
Swell, 14, 374, 384, 508

T
Tack coat, 9
Taylor's expansion, 447, 467
Temperature adjusting factor, 612, 613, 636
Temperature curling, 199, 222
Temperature differentials, 152, 61 9
Temperature effects, 3 0
Tensile strain

horizontal principal versus overal l
principal, 9 7

under dual-tandem wheels, 67
under dual wheels, 6 5
under single wheel, 64

Texas triaxial classification, 29 2
Thermal cracking, see Low-temperature

crackin g
Tie bars, 170
Tied concrete shoulder, 435, 59 2
Time-temperature superposition, 84, 120
Tire contact area, 2 8
Traffic analysis, 245, 488, 549, 642, 71 7
Traffic prediction, 452, 457
Traffic prediction for shoulder design, 52 4
Transverse slope of highway cross section, 33 7
Triaxial compression test, 283, 28 4
Truck factor, 268, 269

U
User costs, 704, 707
Unbonded slabs, 191
Unconfined compressive strength, 102
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V
Variance, 443, 448, 460, 46 5

percentage distribution, 46 6
Vehicle speed, 30
Vertical surface displacement, 48, 60
Vertical interface displacement, 6 1
Vertical stress, 46, 5 8
VESYS program, 5, 88, 99, 109, 318, 322, 452 ,

478, 481, 482, 48 6
Viscoelastic materials, 7 7
Viscoelastic solutions, 7 6
Visual survey, 630

w
Water bleeding, 373, 380
WESDEF program, 41 8
WESLAYER program, 7
WESLIQID program, 7
Westergaard's analysis, 6
Wire fabric, 16 8

Z

Zero-maintenance or premium pavements ,
18,153, 316
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