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NOTATION 

Material constants 

Mohr-Coulomb strength parameters 

D;ynamic modulus of elasticity 

Complex modulus (Kingham and Kallas4) 
Initial tangent modulus from the (a1 - a3) ~ £ 
curve 

Tangent modulus 

Layer number 

Material constants 

Resilient modulus 

Ratio of the principal stress difference at failure 
(a1 - a3)f to the ultimate principal streaa dif-

ference (o1 - a3) in the (a1 - a
3

) ~£curve 
ult 

Vertical displacement 

Maximum shearing strain 

Radial tensile strain 

Vertical strain 

Strain components in the z, r, and 8 direc
tions, respectively 

Sum of principal stresses 

Poisson's ratio 

Confining pressure 

Major, intermediate, and minor principal stresses, 
respectively 

Principal stress difference at failure 

Ultimate principal stress difference at failure in 
(a1 - a3) ~ £ c~e . 

Deviator stress (a1 - a3) 

Stress components in the z, r, and 8 direc
tions, respectively 
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IITRODUCTIOB 

BACKGROUND 

For many years, pavement engineer• have devoted considerable et

fort toward improving pave•nt deaign •thodologiea. With the advent ot 

electronic computer•, l&l'ered anal.y• i• baa become an eaaential part of 

deaign procedure• to evaluate the reaponae of pavement atructurea to 

traffic loads. In addition to many other factor•, the success ot the 

application of layered analysia to pavement deaign depends heavily on 

the proper selection of material propertie• in each component l&l'er ot 
1 2 the pavement. A number ot inveatigatora' have studied the reailient 

response ot granular materials to loads, and they agree that thi• re

sponse is diatinctly nonlinear and that stresa-deformation cbaracteria

tics under repeated loads depend greatly on the stress level to which 

the granular materials are subjected. It baa become clear, however, 

that the resilient moduli of granular materials can be determined only 

by carefully controlled laboratory test •• 
For many years, the Corps ot Engineers (CE) has conducted •eriea 

of tull-scale accelerated traffic teat• on many different type• ot pave

menta under ma'lY different types of loads. The majority of .the pavements 

have thick l&l'ers '-' f granular material•• The U. S. Army Engineer Water

ways Experiment Station (WES) ia currently involved in the development of 

pavement design methodology tor the Office, Chief of Engineers, and the 

Federal Aviation Administration (FAA) which would better utilize the 

mechanical properties ot pavement materials. Efforts have been conc·en

trated to develop laboratory teat procedures and techniques to evaluate 

the resilient and plastic properties of granular material•• Laboratory 

repeated load tests have been conducted to define the properties ot tvo 

granular materials which were used recently in tbe accelerated trattic 

teats conducted at WES. Since it ia both time-consuming and costly to 

conduct laboratory repeated load test•, it is the purpo•e of thi• atudy 

to evaluate the reailient moduli ot unbound granular material• tr011 the 

accelerated trattic teat data. The moduli •o detel'llined •hould be 

repreaentative of the average granular material• used by the CE and FAA, 
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or those materials satisfying CE standard flexible pavement design and 

construction procedures. Because the test data were collected on many 

types of pavements at different locations during different periods of 

time, and the granualr materials in each test pavement possessed dif

ferent properties, the moduli can be used to compute pavement responses 

when laboratory repeated load data on granular materials are not 

available. 

OBJECTIVE AND SCOPE 

The objective or this study was to develop a procedure to evaluate 

the resilient moduli or unbound granular materials from the existing 

accelerated traffic test data. The resilient modulus is the repeated 

axial stress in triaxial compression divided by the recoverable axial 

strain. The moduli so determined would represent the average granular 

materials used by the CE and FAA. 

The test pavements for which data were used included conven

tional flexible pavements and all-bituminous concrete (ABC) pavements. 

Both single- and multiple-wheel loadings were employed. The stresses 

and strains in the pavement structures were computed by the nonlinear 

finite element method. For asphaltic concrete (AC) surfaces, the 

moduli were determined based on the measured average pavement tempera

ture during the traffic period. For unbound granular materials, the 

following nonlinear model was used 

where 

~•resilient modulus 

K1 ,K2 • material constants 

9 • sum of principal stresses 

.(1) 

For cohesive subgrade soils, the relation E • 1500 CBR where E is 

the dynamic modulus of elasticity and CBR is the California Bearing 

Ratio was used to determine the modulus from the measured CBR values. 

The constants ~ and K2 were evaluated from the established 

8 



• 

correlations between COllpUted parameters and the observed performance. 

The computed parameters are: 

!.· Radial ten11le strain• at the bottom ot the AC layers. 

!t· Maximum radial ten11le strains and minimum ratios of radial 
tensile stress to vertical 1tre11 in the unbound granular 
layers. 

_g_. Vertical strains at the subgrade surtace. 

Parameter !twas developed only tor single-wheel loads. The principle ot 

superpo1ition vas used in the computation• tor multiple-wheel load 

aHemblies. 

The 1alient teature1 ot the e1tablished correlations are dis

cussed in thi1 report. The mea1ured stre1se1 and detlections obtained 

trom one ot the multiple-wheel heavy gear load test sections and the 

values COlllJUted by the tinite element method are compared, and the non

linearity ot material• ii discuBSed. The nonlinear aocluli used in the 

computations were evaluated trom trattic test data pre1ented in this 

report • 
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THEORETICAL COMPUTATIONS 

To compute the stre11es and strains in a pavement structure under 

loads, the co11110nl.y used methods are Boussinesq's homogeneous linear 

elastic analysis, Burmister's linear elastic layered analysis, and the 

nonlinear finite element method. The first and second methods have been 

used extensively; their acceptance is probably mainly due to their sim

plicity rather than their accuracy. A study conducted at the U. S. Army 

Engineer Waterways Experiment Station (WES) 3 on the use of these two 

theories had the following conclusions: 

!.· The measured vertical stresses were generally in excess of 
those computed from the linear layered analysis; the measured 
vertical stresses along the load axis of a single wheel were 
in tairly good agreement with those predicted by the homoge
neous analysis of Bou1sinesq. 

!?.• Comparisons of the computed and measured deflections at vari
ous depth• indicated that both the homogeneous and the linear 
layered analy11B are quite inadequate. 

c. The shapes of the theoretical and measured stress and deflec
tion basins were distinctly different. The measured stress 
and deflection basins appeared to be more confined to the 
vicinity of the tire than was indicated by the linear analy
sis. For both stresses and deflections, the Boussinesq solu
tion gave results closer to the measurements than those given 
by the linear layered analysis. 

Based on the results using these two analyses, the third method, 

nonlinear finite element analysis, incorporated with nonlinear soil char

acterizations, seems to be the most powerful tool in pavement analysis 

and research. 

For this study, the nonlinear moduli of granular materials were 

back-calculated from correlations of performance data of numerous full

scale accelerated traffic test pavements with computed critical stresses 

and strains of test pavements. A finite element program was used in the 

computations. With the evaluated nonlinear moduli, the stresses and 

deflections computed for one of the multiple-wheel heavy gear load teat 

sections were compared with values measured by instrumentation which 

wu •bedded in the section•• The results are presented in Appendix A. 
Good agreement vaa obtained between measured and computed results. For 
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ABC test pavements, computer programs baaed on Burmiater's linear 

layered elastic analyais vere used, with the AC divided into layers 

according to the temperature variation•• The use of Burmister's theory 

was Justified since the strength ot AC depends on temperature but not on 

the stress level. As will be explained later in the report, since a 

constant modulus was used tor subgrade soils tor all test pavements, the 

use ot the linear 1&¥ered theory tor ABC pavements is Justified. 

CONCEPl' 

The purpose ot this study is to evaluate the resilient moduli 

ot the unbound granular materials trom the accelerated traffic test data. 

The procedure involved is actually a back-calculation trom the observed 

response ot the pavement system, i.e., the measured performance and 

instrumentation data. The rationale behind this approach is based on 

the tolloving two hypotheses: 

!.· When the correct stres1-strain relations of pavement mate
rials are known or properly simulated, the computed stresses 
and deflections should compare favorably vith the values 
actually measured trom the tield test sections. 

b. Definite correlations exist between pavement response to the 
loads and the performance of the pavements. When correct 
stresa-strain relations ot pavement materials are properly 
selected, the pavement reaponses can be computed by the 
nonlinear finite element method and the correlations can be 
established. Therefore, the closer the· representation of 
material properties, the better the correlations will be. 

The detailed description for evaluating the moduli of granular 

materials is presented later in the report. 

FIRITE ELDtENT ARALYSIS 

The nonlinear finite element program used in this study was ob

tained from the University of Calitornia ·at Berkeley. The program is 

suitable only for analy• is of axisymmetric solids. The pavement struc

ture is first idealized as an assnblage of a finite number ot diacrete 

structural elements interconnected at a finite number ot Joints or nodal 

points. The sizes ot the elements are chosen to vary in accordance vith 

the anticipated stress gradient• • The el•ents are actually complete 
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ring• in the horizontal direction, and the nodal point• are circular 

line• in plane viev. There i • a boundary on which the nodal point• are 

tixed and a vertical boUDdaey on which the nodal point• are con•trained 

trom moving radially. The ••he• used in this study are shown in Fig

ure Al. 

The •urrace circular load i • assumed to be applied in • tep• •o 

that the nonlinear stress-strain behavior and the modulus-stre•• de

pendency or the material can be included in the analysis. Therefore, 

the accuracy ot the solution is a function or the number ot load incre

ments used, with greater accuracy being associated with smaller load in

crement•• Aleo, the accuracy can be improved by increasing the number 

of elements into which the pavement structure is divided. In thi• • tudy, 

ten load increment• were generally used. 

It ebould be noted that the nonlinear finite element program used 

in thi• study employs many idealized assumptions which are unrealistic 

tor real pavements. The most critical a• sumption is discu•• ed in the 

following paragraph• • 
Ot the many unreali•tic a• sumptiona involved in the finite ele

ment method, the a• sumption or continuous contact between each interface 

seeu to be mo• t •eriou•• According to the linear theory ot ela•ticity, 

the relations ot •tree• and strain components along each interface are: 

a8 + a0 , 
i 1+1 

Ymax • Y , 
1 maxi+l 

(2) 

where 

az • ar , a8 • • tree• components in the z t r , and 8 
directions 

tz • tr , t 8 • strain component• in the z t r , and 8 
direction• 

i • l~er number 

y • maximum •hearing strain max 
W • vertical di•placement 
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Although Equation 2 is tor the linear theory or elasticity, it also 

holds true tor the piece-vise nonlinear theory uaed in this study. 

Under rolling tire load.a, both vertical and horizontal loads are 

applied to the pavement. It 1• conceivable then that slip could occur 

along each interface, particularly during braking operations. The as

sumption ot the continuity or radial and tangential atrain components 

along each interface 1a apparently incorrect. Some computer programs 

are now capable or considering slippage along interfaces, but the degree 

ot slippage in real pavement structure• may be difficult to determine. 

MATERIAL CHARACTERISTICS 

The test pave~nts analyzed in this study consisted of conven

tional flexible pavements (i.e., AC surface couraea and unbound bases), 

ABC pavements, and pavements with stabilized layers. Since pavement ma

terials are subjected to repetitive applications of traffic loads and 

since the stress intensity in pavements is generally small (well below 

the failure strength of the materiala), it was felt that the resilient 

modulus could best characterize pavement material behavior under traffic 

loads as opposed to other types ot material characterizations and there

fore that better correlations between performance and computed values 

could be expected. The various stress-atrain relations for different 

pavement materials included in this study are described in the following 

paragraphs. 

AC 

Because of the thermoviacoelastic nature of asphaltic materials, 

the moat important factors influencing the stress-atrain relationship of 

aaphaltic 11&teri&ls are temperature and rate of loading. The dynamic 

modulus E of aaphaltic material should be evaluated in the laboratory 

at different temperatures and at different rates of loading. However, 

auch information for aaphaltic mixtures used by the Corps of Engineers 

vaa not avail•ble during the preparation of this report. Figures 1-3 

show complex moduli of three aaphaltic mixtures, evaluated at different 

temperature• and at different rate• of loading, determined by Kingham 
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4 and Kallas. Since the patterns ot resilient moduli tor aaphaltic mix-

tures used by the Corps of Engineers are believed to be similar to those 

ahovn in Figures l-3, the moduli shown in the figures were used in thia 
4• study. According to Kingham and Kalla•, the teat condition ot l Hz 

• The modulus values tor the aaphaltic mixture• were obtained from re
greaaion equations describing 1tittnea1 aa a function ot temperature 
and frequency ot loading. The •peed ot the teat rig vaa converted to 
a frequency ot loading by aaauming that a point at the bottom ot the 
aaphalt layer would be in tenaion tor the length ot time it took tor a 
dual vbeel to traverse 3 tt. (A table of factors tor converting 
unit• ot measurement is pre•ented on page 4.) (Cottman, Kratt, and 
Tamayo5 made a similar a11umption but also included the aaount ot 
time that the bottom of the aaphalt l~er vaa in compre•• ion.) 
Given this aa1umption, •peed in mile• per hour ia related to fre
quency in hertz by the toraula 

speed• (freguen~~b3600 >< 3> • frequency (2.05) 

Thus, tor a frequency ot 1 Hz, thia relationship give• a speed of ap
proximately 2 mph. 
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simulates beat the rate ot loading used in the .teat sections; therefore, 

the resilient moduli at this trequency were used in this study. For 

each test pavement, a mean temperature-depth relationship during the 

traffic period was determined baaed on the actual temperature measure

ments, and this relationship vaa used in the analysis. Only limited 

research eftort has been devoted to the study of the volumetric behavior 

of AC; therefore, a value tor Poisson's ratio v of o.4 vaa used in 

this portion of the atudy. 

UNTREATED GRANULAR MATERIALS 

The characterization• of untreated granular materials were based 
6 on research conducted at the Univeraity of California. The resilient 

propertie• of such material• are affected moat significantly by the 

streaa level. The reailient modulua ~ increaaea considerably with 

the confining pressure and • lightly with repeated axial stress. So long 

aa shear failure doea not occur, ~ can be approximately related to 

the sum of the principal stresses e and to the confining pressure a
3 

(the minor principal atresa) by 

(bis l) 

(3) 

where ~ , ~ , K
3 

, and K4 are material conatants. Poiaaon' a ratio 

v increase• with decreasing a3 and increasing repeated axial stress 

so that the change in v can be approximated by 

(4) 

where 

Ao, Ai, A2, A3 • material conltanta 

a1 • maJor principal atre•• 
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a3 • minor principal stress 

The constlmts shown in Equations 3 and 4 reflect the resilient 

properties Qt granular material, which are influenced by factors such as 

aggregate density, &g1JJ'egate gradation (percent of material passing a 

Bo. 200 sieve), aggregate type, and degree ot saturation. At a given 

stress level, ~ increase• with increasing density, increasing parti

cle angularity or surface roughnes1, decreasing fines content, and de

creasing degree of saturation. Poisson's ratio, however, is only 

slightly influenced by density and generally decreases as the tines 

content and degree of saturation increase. 

Some researchers have characterized the granular materials in the 

form shown in Equation 5. 

(5) 

where K5 and K6 are material constants and ar is the radial stress. 

Equations land 3 are capable of characterizing granular mate

rials in a nonlinear tashion, i.e., ~ varies with the state ot atreaa. 

However, these equations have also been bitterly criticized tor the in

ability to characterize tensile properties of granular materials. In a 

conventional flexible pavement under heavy load.a, it is conceivable that 

radial tensile stresses would develop at the lover part ot the granular 

base. For most computer programs available at present, an arbitrary 

small value of ~ close to zero is aasigned to the granular material 

once ~ computed trom Equations 1 and 3 becomes negative. In such· 

cases, awkward values of strain components and excessively large dis

placements result. In this respect, Equation 1 is far superior to 

Equation 3 for reasons explained in the following paragraph. 

In Equation l, 8 is the sum of principal stresses a1 , a2 , 

and o
3

• When radial tensile atreaaes are computed at the lower 

portion of the base, the minor principal atreaa a
3 

becomes negative 

and causes ~ to become undefined in Equation 3; but, since the 

major principal stress o
1 

is positive and is much larger than a
3 

under most stress levels, ~ computed by Equation l is positive in 
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most cases. Therefore, the ~ values computed by Equation 1 are more 

meaningful. In Appendix A, the results computed by Equations 1 and 3 

are discussed. Due to the ~lose agreement between measured and computed 

stresses and deflections (as shown in Appendix A), expressions shown in 

Equation 1 were used in this study to characterize the resilient proper

ties of granular materials. Table 1 shows values of constants shown in 

Equations 1, 3, and 5 for various granular materials developed by other 

researchers. 

For the purpose of this study, the representative values shown in 

Table 1 were first tried. The method for determining the values of 

these constants will be described in the correlation of theory and 

performance. 

Because of lack of experimental results in volumetric behavior 

of granular materials, values of v were not computed by Equation 4. A 

value of o.48 was used for both base and subbase materials in this por

tion of the study. It was believed that, since granular materials in a 

pavement structure under a thin AC surface tend to expand under heavy 

aircraft loads, large values of v would represent field conditions bet

ter than small values. 

SUBGRADE SOILS 

Resilient Modulus. Extensive studies of the behavior of fine

grained materials in laboratory repeated load tests were made by Seed, 
8 Chen, and Lee. They found that ~ did not depend on a

3 
but was sen-

sitive to ad, the deviator stress. The relationship between ~ and 

ad generally has the shape shown by the curve in Figure 4, which is 

based on actual tests of a 4-CBR buckshot clay soil at WES. At low 

stress levels, ~ decreases rapidly with increaaing values of ad; 

and as ad further increases, there is only a slight increase in ~. 

A bilinear material model, developed by Wang, Mitchell, and Monismith,9 

in characterizing a highly plastic subgrade material, has the following 

expression for ~ in Equations 6 and 7, 
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Table 1 

Material Constant Values Proposed for Various Granular Materials 

by Other Researchers {After Barker, Brabston, and Townsend7) 

Description Constants 

Expression: (Equation 3) 

Dry, partially crushed gravel 

Dry, crushed gravel 

Partially saturated, partially crushed gravel 

Partially saturated, crushed gravel 

Saturated, partially crushed gravel 

San Diego base 

Gonzales Bypass base 

Gonzales Bypass subbase 

Morro Bay base 

Morro Bay subbase 

Expre11ion: 

San Diego base 

Dry, crushed gravel 

Partially saturated, crushed gravel 

Morro Bay subbase 

Morr6 Bay base 

Expresaion: ~ • K5 + 2K6ar 

Crushed limestone 

Crushed limestone after 36,000 repetitions 
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K3 
10,094 
13,126 
7,650 
8,813 

9,894 
12,225 
15,000 
10,000 
11,800 
6,310 

Kl 

3,933 
2,156 
2,033 
2,900 

3,030 

(Equation 5) 

K5 
4,856 

37,710 

K4 

0.580 
0.550 
0.591 
0.569 
0.528 
0.540 
o.48o 
o.4oo 
0.390 
o.430 

K2 

0.610 
0.710 

0.670 
o.470 

0.530 
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Figure 4. Ettect of • tree• inten• ity on resilience 
characteri•tics ot fine-grained •oil• 

(6) 

·(7) 

The relation•hip shown in Figure 4 between ~ and ad tor tine

grained •oil• ha• •pecial,. practical • igniticance. A• ha• been pointed 
8 out by Seed, Chen, and Lee, the •tre •• levels to which pavement •ub-

grade• _are subjected are likely to be in the lover range, in which ~ 

varie• moat widely. As the depth ot a •oil element below the pavement 

•urtace increa• es, a4 will progre•• ively decrea•e; thu•, even it the 

•oil is completely uniform, ~ will in tact increa•e with depth. This 
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variation will clearly complicate the application ot linear elastic theo

ries developed tor conditions ot uniform moduli tor the computation of 

resilient pavement deflections and will also require careful considera

tion in the selection ot a single modulus value tor incorporation in such 

theories. It also indicate• that the contribution ot the upper layers 

ot a compacted clay •ubgrade to the total resilient subgrade deflection 

will be tar greater than is indicated by linear ela• tic theory. 

Static Modulu•• Another mathematical model characterizing the 

stress-strain relationship tor soils is that developed by Duncan and 

Chang.10 The model is derived baaed on the aaauaption ot a hyperbolic 

stress-strain relationship and the Mohr-Coulomb failure criteria. The 

tangent modulus Et under any stress condition is expressed as 

where (01 - a3)t 

(°1 - 03)u1t 
where 11 the principal 

atre• 1 ditterence at failure and (a1 - a
3
) 

the ultimate • treas ditterence at tailure ult 

(a1 - a3) • deviator •treas 

C and,• Mohr-Coulomb strength parameter• 

1a 

(8) 

E1 • the initial tangent modulus trom the (a1 - a
3

) "- · £ 
curve 

Equation 8 represent• the nonlinear, atre• 1-dependent, inelastic 

•treas-strain behavior ot soils and i • convenient tor use with the ti

ni te element •thod ot analysis. The parameters C , f , Rt , and 

Ei can be readily determined trom results ot standard laboratory- tri

axial teats. Equation 8 va• used to characterize the aubgrade soil ot 

a teat pavement. The computed results are presented in Appendix A. 

Relation• Between pynamic Modulus ot Elasticity and CBR. In ear

lier work by Heukelom and Foater,11 a simple relationship was tound 
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between the dynamic modulus ot elasticity E and CBR Which is expressed 

as 

E • 1500 CBR (9) 

As explained earlier in this section, when pavement materials are 

subjected to repetitive applications ot traftic loads and the stress in

tensities in the aubgrade are small (well below failure strengths ot the 

subgrade soil) , ~ aa determined by Equations 6 and 7 should beat 

characterize soil behavior in the real pavement ayatem. However, Ma 
values tor subgrade soil were available onl)" tor 4-CBR buckshot clay. 

Therefore, Equation 9 vaa u•ed to determine the ~ ot aubgrade soils 

in the study. A value tor " ot 0.4 was used in the computations. 

Attempts were not_ ll&de to back-calculate the nonlinear constants in 

Equations 6 and 7 because ot the complexities ot the work involved. 

DEFICIENCIES OF 
MATERIAL CHARACTERIZATION 

The success ot the tinite element method lies primarily in the 

correctness ot atreaa-atrain relations ot materials inputed to the pro

gram. Much research ettort has been spent in this direction, but con

tinuing endeavors are still needed. The deficiencies ot stress-strain 

relations ot pavement materials developed baaed on present-day knowl

edge and available testing equipment are discussed in -the following 

paragrapna. 

Inadequacy ot Laboratory Teatiy Conditions. The constitutive 

relationships determined in the laboratory do not truly characterize 

pavement material properties under actual tield conditions. The labora

tory triaxial teats apply repeated axial and radial stresses, and the 

resulting strains are measured. Although these teats tairly well detine 

the constitutive relations for pavement materials at points beneath the 

load axis ot a single wheel (aa•uming the case ot axiaymmetry ia valid), 

the results are inadequate tor conditions elsewhere in the pavement. 

The inadequacy occur• becau•e the triaxial teat permits only tvo normal 
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atresaea to be varied and the resulting tvo • train• to be mea•ured, 

while the complete characterizat!on of the material.a outside the axis of 

symmetry requires three normal stresses and one shear stress and the 

resulting four strains. The condition becomes more complicated for 

multiple-wheel load.a since it becomes necessary to measure all six 

strains induced by all possible combinations of three normal and three 

shear stresses, 

Significance of Poisson's Ratio. The precise determination of 

Poisson's ratio of pavement materials is of vital importance in formu

lating appropriate con•titutive relation•• For a . linearly ela1tic mate•• 

rial, it is true that the computed vertical atreaaes depend very little 

on v; however, thi1 doea not.nece1sarily mean that the re1pon1e of the 

pavement to load.a is insensitive to the volume change of the material. 

In fact, when the constitutive relation of a material is mathematically 

formulated by a second-order (nonlinear) pol.ynomial,12 the modulus of 

the material depends very much on the manner in which the material 

changes its volume. Unfortunately, due to lack of knowledge of volume 

change behavior of pavement materials, constant value• of v determined 

in an arbitrary manner are generally used in the nonlinear finite ele

ment analysis. Such va1 the ca•e in thi• atudy. Although Equation 4 
gives the value of · v quantitatively the equation i1 •till 1ubJect to 

the limitation• ot the te1ting condition•• 
A•• umption ot Iaotro:ex ot Pavpent Material•• I•otron u •ume• 

that a mterial ha• identical properti-• in all 4ireotion1. Thia a•• 
11,llllption ii undoubtedly not true in vi.,, ot field compaction procedure•• 
However, the concept ot ani•otrow ot mterial1 bu not been practicable 

in analytical an&ly1i1 ot pav ... nt 1tructure1 becau•e ot praatic~l ditti

cultie•, i.e., dittiC"•!lt_ie• in mth-tical formulation ot equation•, 
numerical anal.yd• of ~, ·!l.tion•, and determination of material constants 

in the laboratory. In the finite element program used in this study, 

material isotropy was asswned. 

Tensile Properties of Pavement Material•• Equations l, 3, and 

5-7 express the magnitude of the ~ of materials determined under lab

oratory compres1ion states of • tres1. To date, the tensile properties 
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or pavement material• are not very well know to pavement enaineer1. 

While indirect tensile te1t1 and • imple •upported beam teat• can qualita

tively describe the ten• ile properties or materials, the teat• hardly 

represent actual tield conditions. The inability or Equations land 3 

to determine the ~ or granular material• when radial tensile atreBBes 

are developed in the lover part ot the granular base vaa discussed pre

viously. It i1 certain that knowledge or tensile propertie• or mate

rials can greatly improve the accuracy or the finite element technique. 
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CORRELATION OF THEORY AND PERJl'ORMAJICE 

In this part, the concept and computational procedure described 

in the previous part will be applied to the analysis of performance data 

from full-scale accelerated traffic tests. Tables 2 and 3 show test 

data from several selected test sections for single- and multiple-wheel 

loads, respectively; the data cover a broad spectrum of loads, gear con- · 

figurations, pavements, subgrade soils, and coverage levels. The fail

ure criteria• from which the coverage levels were determined were based 

primarily on the surface condition of the pavements. One coverase is 

defined to be the number of passes of load tires in adjacent tire paths 

sufficient to cover a given width of surfa~e area a single time. The 

moving test loads were ne&~ly normally distributed along the cross 

section of the traffic lane. 

In the finite element program used in this study, the stress com

ponents were computed at the center of each element, and the displace

ment components were computed at grid points. The horizontal strains 

along interfaces were computed as the difference in horizontal displace

ment at two adjacent grid points divided by the distance between the 

points. The vertical strains in each element were d~termined similarly. 

Stress components and vertical strains along interfaces were determined 

from the other computed points by extrapolations. · The continuity condi

tions along interfaces which should be observed duri~g extrapolation are 

shown in Equation 2. 

The computer program used in this study aasumes that the pavement 

structure is an elastic medium with nonlinear stress-strain characteris

tics. The computed stress, strain, and displacement are therefore the 

response of the pavement to the load before initial failure occur•, or 
· ' 

• The present failure criteria are defined as either of the following 
conditions : 

!.· Surface upheaval ot 1 in. or greater of the pavement adjacent 
to the traffic lane. 

b. Severe surface cracking to significant depths such that the 
surface is no longer waterproof. 
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preferably during the early stages of traffic. The performance of the 

tull-scale test sections under traffic, however, is based on the inte

gral pavement behavior up to the point of functional failure. Therefore, 

the use of finite element prog. · uns to predict pavement behavior during 

the early stages of traffic is reasonable but is not totally acceptable 

for predicting failure coverages of pavements. In fact, there is not a 

single computer program available at present which is capable of predict

ing failure of a pavement in a simple and straightforward JD1J.nner. There

fore, efforts were combined. in this study to correlate the computed 

values and the actual observed coverages to failure of the test pavement. 

Such correlations could be identified from the parameters controlling 

the pavement performance. This approach was based on the hypothesis 

that correlations must exist between performance of the pavement and the 

actual developed stresses and strains in the pavement under the load. 

Since the stresses and strains have to be computed theoretically, the 

success of the correlation depends entirely upon the accuracy of the 

stress-strain relations of pavement materials inputed into the computer 

program. It is apparent that the closer the representation of material 

properties, the better the correlations will be. 

The stress-strain relations of pavement materials used in this 

study were presented in the previous part. In the following paragraphs, 

the rationale for determining the granular material constants ~ and 

K2 in Equation l are presented. 

The test pavements analyzed (see Tables 2 and 3) were generally 

of the following three basic types: 

!.• ABC pavement resting on 4-CBR buckshot clay subgrade soil. 

Conventional flexible pavements consisting of a 3-in. AC 
layer, a 6-in. base course, a subbase layer of variable 
thickness, and subgrade soils of variable CBR's. In most 
cases, the thickness of the subbase layer is much greater 
than that of the base, and therefore the subbase layer con
trols the performance of the pavement • 

.£.• Thick crushed-stone base course pavements with a 3-in. AC 
layer and subgrade soils of variable CBR's. 

If improper stress-strain relations of pavement materials were 

used in the computation of these three different types of pavements, it 
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is probable that good correlations between computed values and perfor

mance could not be obtained. More than likely, three ditterent cor

relations would result. On the other band, it correct stress-strain 

relations were used, a single good correlation 1hould be obtained for 

the three types ot pavements. Based on this principle, the values of 

K1 and K2 in Equation l were determined. 

Since all the ABC pavements (multiple wheels) were constructed 

over 4-CBR subgrade soil, good correlations between computed values and 

performance were first established. Computations on conventional flexi

ble pavements and full-depth base course pavements were subsequently 

made. K1 and K2 in Equation 1 were assumed to be 2900 and o.47, 

respectively, tor subbase materials and 3933 and 0.61, respectively, for 

base course materials. It was tound that correlations tor conventional 

flexible pavements compared very well with those for ABC pavements, but 

~·.1e correlations for thick base course pavements did not. The computed 

stresses and strains tor thick base course pavements were much too large. 

This indicates that the constants ~ and K2 chosen for subbase mate

rials were reasonable but were too small for base course materials. 

High values of K1 and K2 were tried in an effort to obta1n good cor

relations, and the resulting values were 8300 and 0.71, respectively. 

SINGLE-WHEEL TEST DATA 

Table 2 shows teat data tor ~5 selected test pavements. The base 

course materials were generally well-compacted crushed atone, and the 

subbase materials were generally gravelly sand .• 

Pavements 20, 21, and 24 were ABC, but contained different base 

courses. Pavement 20 was cumpo•ed of a 3-in. layer ot AC surface course 

(4.5 ~rcent asphalt) and. a 12-in. layer of bituminous-1tabilized 

gravelly sand with a 6.5 percent cement filler ba1e course. Pavement 21 

had the &Bllle layer of AC surface course plus a 6-in. layer of surface

mix (5.0 percent asphalt) base cour1e and a 6-in. layer of surface-mix 

(2.9 percent asphalt) base course. The top 9 in. of pavement 24 was the 

same as that ot pavement 21, but the bottom 15 in. was a layer of 

bituminous-stabilized gravelly sand (2.9 percent asphalt). 
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For each test pavement, a mean temperature-depth relationship dur

ing the traffic period was estimated, and the corresponding resilient 

moduli were obtained from Figures land 2 for computations. Test pave

ment 22 was tested at two different ambient temperature conditions: one 

was between 60 and 70°F and the other between 90 and 115°1. The observed 

performances for the two conditions were identical, indicating that the 

3-in. temperature-dependent AC surface layer had little effect on the 

performance of the pavement. The results presented are based on an anal

ysis of cooler period conditions. 

Figure 5 shows the relationships between vertical strain £v at 

the subgrade surface and performance. Figure 6 shows relationships 

between radial tensile strain Er at the bottom of the AC layers and 

performance. Uncertainties exist in the computed values of pavements 

with high CBR subgrade soilsi these were pavements 4-8 represented in 

the figures by open circles. In the discussion to follow, these pave

ments are excludedi they will be treated later in this report. 

In Figure 5, the best-fit line was drawn through data points for 

all pavements with coverage levels greater than 100. It would seem that 
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Figure 6. Relationships between radial tensile strain at 
the bottom of the AC and perfoJ:·man·!e of the pavement sys
tem under single-wheel loads 

another line could be drawn through the data points for pavements with 

coverage levels less than 100. In view of the distribution of pavement 

data points in Figure 6, it was conclu~.ed that, for pavements with cover

age levels less than 100, the subgrade condition was not critical before 

initial failure occurred; rather, it was the radial tensile strain at 

the bottom of the AC layer that was critical. The line of best fit in 

Figure 6 was drawn accordingly and passes through thP. point for test 

pavement 2, which sustained 1700 coverages before failure. Failure test 

data, however, were insufficient at high coverage levels; therefore, the 

validity of the criteria established for these levels needs further ver

ification by more field performance studies. The radial tensile strains 

for pavement points below the line were not considered to be critical 

before initial failure. 

As discussed earlier in this section, the computer program used 

to coapute the stresses and strains of the pavement assumes that the 

pavement is an elastic medium. The computed value• give an indication 

of the reapon•e of the pavement •tructure to the load before initial 
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failure occurs; however, the computed values do not provide informa ti. i ' l1 

on the failure modes of the pavements. In Figures 5 and 6, for example, 

they do not indicate that pavements 20 and 21 were failed in the AC 

layers but were not failed in the subgrade soils; rather, the datn " l iou1J 

ue interpreted as showing that, during the initial stage of the traf'f'i.c , 

the AC layers wider the 75-kip load (278-psi contact pressure) were more 

critical than the subgrade. It is conceivable that, as the load repeti

t i ons increased, small cracks could have developed in the AC layers and 

t herefore reduced their stiffness. As a result, the vertical strain at 

the subgrade su.~face would have increased and caused the subgrade soil 

t o fail, which in turn would have caused more cracking in the AC layer. 

Eventually, the pavements would fail both in the AC layers and the sub

grade soil, as was the case for the test sections analyzed in this study. 

From this discussion, it can be seen that the computed values provide 

information on the critical factors contributing most to the pavement 

failures, rather than indicating the failure modes o~ t he pavement under 

the load. 

The results of analysis for wibound granular materials are pre

sented in Figures 7 and 8. The ABC pavements 20, 21, and 24 are not 

shown in this plot. Figure 7 shows the plotted results for maximum 

radial tensile strains. The locations of the maximum strains were gen

erally near the load axis but varied in depth (as indicated by the com

puter output). The line of beat fit was drawn baaed on the following 

reasoning: Since the failure coverages of pavements l, 2, 12, 18, and 

19 could be predicted by the correlation of subgrade vertical strains in 

Figure 5, it is reasonable to assume that the failure coverages of these 

pavements should be at least equal to or greater than those predicted by 

the criteria for shear failure in the unbound granular materials. The 

line of best fit was therefore drawn through these pavement points. It 

is interesting to note tha+. the line also passes through pavement points 

15 and 11. Pavement 15 h&d no AC surface cours3 but did have a 5-in. 

crushed-stone base placed on 6-CBR subgrade soil. Figure 5 indicates 

that the failure of this pavement did not initiate in the aubgr&de soil. 

Since this pavement had no other component layer but the granular 
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material, the failure had to initiate in the upbound granular material 

under the 10,000-lb load and 110-psi contact presaure. Pavement 11 had 

thin structural layers (3-in. AC surtace course, 6-in. base course, and 

6-in. subbase), but was subjected to relatively heavy load (50,000 lb) 

at a high contact pressure (175 psi). Figures 5 and 6 indicate that the 

initiation of failure of pavement 11 was not in the AC layer and sub

grade soil. Figure 7 indicates that failure of this pavement initiated 

in the granular material• due to the excessive tensile strains. 

Pavement points 7, 9, 10, and 13 plotted below the line of best 

fit in Figure 7, indicating that failure of these pavements did not ini

tiate in the unbound granular materials. In fact, these pavement points 

all plot along the curve of the vertical strain criterion in Figure 5. 

Because of the poHibility of shear failure of unbound bases in-
20 duced by tensile stresses , Brown and Pell suggested that the design 

criteria for unbound materials should be a horizontal tensile stress 

which does not exceed 0.5 times the vertical stress plus the horizontal 

overburden pressure. For all the pavements analyzed in this study , it 

was found trom the computer outputs that shear failure ot unbound bases 

did not occur. Figure 8 shove 1•~ plot ot the ratio of radial tensile 

stress to vertical stress in the unbound granular materials versus fail

ure coverages ot teat pavement,. The ratio• were the maximum values 

selected v:f.thin the unbound bases. In most cases, this ratio and the 

maximum radial tensile strain do not occur at the same element. The 

line of best fit was drawn through the upper boundary of the plotted 

points, and this line wa1 very compatible with the line in Figure 7 •. 

The points located below the lines were the pavements in which the shear 

failure ot unbound granular layers was not critical. The sets ot 

results plotted in Figures 7 and 8 were both for unbound granular mate

rials but employed different criteria. The results were compatible 

except for pavements 16, 19, and 22. 

· The information shown in Figures 5-8 could be used to optimize 

the design of a pavement. For instance, teat ipavement 2 had an optimum 

design because the aubgrade, the AC surface lqer, and the unbound base 

were all critical at the tirst application of' the 200-kip wheel load. 

34 



The computed results were questionable in teat pavements 4-8 , 

which had high CBR subgrade soils ranging from 14 to 18. They are rep

resented in the figures by open circles and were not considered i n 

drawing the lines of best fit. The computed values tor pavements 

4 (CBR • 16) and 5 (CBP. • 18) were much too low in Figures 5-8, indicat

ing that the moduli computed by the relation E • 1500 CBR were too 

high. However, the computed results for pavements 6 (CBR • 15.5), 7 (CBR 

• 17.5), and 8 (CBR • 14) seem to tit the line fairly well, indicating 

that the relation E • 1500 CBR was adequate. This situation is some

what puzzling. Nevertheless, two c011111ents on the relation E • 1500 CBR 

at high CBR values may be Justified: (a) the modulus determined from 

the relation E • 1500 CBR seems to be too high tor high CBR subgrade 

soils, and (b) the CBR test may not be a valid test for soils which con

tain granular particles. For the test condition in which large particles 

are located beneath the cylinder, the CBR determined can be excessively 

high and misrepresent the true condition of the •oil. 

Figure 9 shows the relationship between surface deflection and 

performance. The plotted results are scattered*, indicating that sur

face deflection alone is not a good indicator of pavement performance. 

It is suggested that the shapes ot deflection basins should be accounted 

for in establishing a design criterion. This is manifested by the plot

ted deflection basins shown in Figure 10. The performance of pavements 

2, 12, and 15 as predicted by the surface deflection criterion in Fig

ure 9 would, respectively, be less than, equal to, and more than that 

actually observeJ.. The defiection basins shown in Figure 10 for the.se 

pavements are distinctly ditterent and tully explain the reason tor the 

scattering shown in Figure 9. Evidently, a flatter deflection basin for 

a pavement means that there is lea• shearing strain under the load and 

therefore better performance. Pavement 15 vaa composed ot a 5-in. 

• Results plotted in Figures 5-8 are also scattered, but straight lines 
can be drawn through data points in the upper bound tor design pur
poses. The lines can indicate which critical parameter initiated pave
ment failure. However, such a line can not be drawn between surface 
deflection and performance as shown in Figure 9. 
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unbound crushed-stone base on a 6-CBR subgrade soil without the protec

tion of an AC surface layer. It is conceivable that the surface deflec

tion of this pavement was very steep under the wheel load. 

MULTIPLE-WHEEL TEST DATA 

Table 3 shows test data for 13 selected pavements tested under 

multiple-wheel heavy gear loads. The nonlinear finite element computer 

program used in this study is not capable of handling multiple-wheel 

loads. Therefore, the superposition principle waa used in this study to 

obtain solutions for multiple-wheel loads. This was done_by first con

structing the stress basin under a single-wheel load and then superpos

ing the ordinates for different wheels. A computer program was prepared 

to compute the stresses and strains at any location under the multiple

wheel loads. Discussion of the validity of the superposition principle 

is presented in References 3 and 21. The principle of superposition has 

certain limitations, which are explained in the following paragraph. 

Application of the superposition principle 11 juatified when the 

materials being analyzed poaaess linear characteristics, e.g., AC 

and/or stabilized materials under certain condition•• For unbound gran

ular material•, however, the stiffneaa of the material increaaes with an 

increase in the at.reBB intensity (confining pressure). Under multiple

wheel loads, it is conceivable that the modulus of unbound granular 

materials could be higher than that under single-wheel loads. Conse

quently, the computed value ahou.ld generally be smaller than that used 

with the superpoaition principle. Alao, the thicknesaea of the unbound 

bases of the test pavement• varied, and this factor could have contrib

uted to the scattering of reaults ahown in Figures 11 and 12. 

There ia another problem in computing atreases and strains under 

multiple-wheel loads. Under multiple-wheel load.a, the maximum stress 

and • train occur under the vheel at ahallov depths; aa the depth in

creaaes, the location of the maximum stress and strain move• toward the 

centroid of the gear asaembly. A search for maximum value• ia tedious 

and laborious. In thia study, the values computed along the load axis 

of one vheel were uaed, inatead of aearching for the maximum. For the 
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C-5A gear assembly, the wheel was chosen to be either one of the inner 

wheels in the second row of the 12-wheel aasembly. When computations 

are made at greater depths, it should be noted that the values so com

puted are smaller than the real maxima. This could be one of the factors 

contributing to the scat+.ering of results shown in Figures 11 and 12. 

Figure 11 shows the relationship between vertical strains at the 

subgrade surface and failure coverages. Data for the pavements with 

stabilized layers are not shown in this plot. A straight line could be 

drawn through pavement points at all coverage levels; thus, the correla

tions indicate that the performance of this pavement component under 

multiple-wheel loads could be predicted by the computed values of verti

cal strain at the subgrade surface. It •hould be noted, however, t hat 

the correlation shown in Figure 11 is not to be interpreted as indicat

ing that all of these pavements were failed in the subgrade soil. 

Figure 12 shows the relationship between radial tensile strain at 

the bottom of the AC layers and performance of the test pavements. Com

putations showed that the radial tensile strain at the bottom of a thin 

3-in. AC surface layer under a single-wheel load was almost the same as 

the strain under one wheel of the multiple-wheel load assembly due to 

the AC layer being so thin and the wheels being spaced so far apart. 

For the ABC pavements, on the other hand, each of the multiple wheels 

contributed to the radial tensile strain at the bottom of the thick AC 

layer; this strain was higher than the strain under one wheel. There

fore, it is believed that radial tenaile strain in the thin AC layer 

pavement should not be considered as the controlling factor in the p~e

diction of pavement performance. Therefore, the bottom line in Fig-

ure 12 was drawn through the point• for ABC pavements 7, 8, and 11, 

without considering pavements 1-6, 9, and 13, which were the conven

tional flexible pavements with 3-in. AC surface courses. It can be seen 

that computed radial tensile strains in pavements 1, 2, 4, 9, and 13 

were smaller than those of the ABC pavements because of the nature of 

the thin AC layers. For pavements 1-3, 5, 6, and 14, however, the 

points fell rather close to the line; but the closeness was considered 

to be only coincidental. The reason for pavement point 10 being located 
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so tar up the line is not known. One po•• ible explanation 1• that the 

temperature of the 9-in. AC layer input into the computer program for 

computation could have been incorrect. 

The results presented in Figures 11 and 12 are limited to 4-c!-.m 

subgrad.e soils. The que• tion arises as to whether the criteria est~b

lished are applicable to other aubgradd soils. In view of the criteria 

established tor single-wheel loads presented in Figures 5-8 in whkh the 

results for low-CBR subgrade pavements were consistent with those ror 

higher CBR subgrade pavement• , it is Justified to conclude that the cor

relations presented in Figures 11 and 12 for multiple-wheel loads can be 

used tor pavements other than those on 4-CBR subgrade soils. 

A criterion tor shear failure in unbound granular materials VA.s 

not established tor pavements subjected to multiple-wheel loads. This 

vas due to the practical difficulty in searching tor the maximum radial 

tensile strain (Figure 7) and the maximum stress ratio (Figure 6) in the 

unbound layer• when the principle of •uperpo• ition was uaed. 
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(;0ICWSIOIS AID RICCIICDDATI0IS 

C0ICWSI0HS 

Resilient aoduli ot unbound granular materials have been back

calculated trom the good correlations established trom the computed pa

rameter• and obaerved pertorance ot many accelerated trattic test pave

ment•• The parameters are the vertical •train at the eubgrade surtace, 

shear torce in the unbound granular lqers, and radial tensile strain in 

the AC lqer. With reference to Equation 1, the ~ ud ~ values so 

~etermined were 8300 and 0.71, reapectively, tor base material• and 

2900 and o.47, respectively, tor •ubbue materials. The moduli so de

termined represent the average value• ot granular material• used by the 

Corpe ot Engineer•• 
It vu round that the •urtace deflection alone is not a good in

dication ot pavement pertorance and thus •hould be combined with other 

parameters, •uch as the ahape ot the deflection baain. 

Good correlation• were obtained tor pavement• with low- and 

medium-CBR •ubgrade •oil• when the relation E • 1500 CBR was used in 

the anal.y• is; however, thq were not obtained tor pavetunt• with high

CBR !lubgrade soil• • 
The measured etreaaea and detlectiona obtained in one ot the 

multiple-wheel heavy gear load te•t aectione tor aingle-vheel loads 

agree well vith computed value• trom the tinite element program. The 

nonlinear moduli ot granular •teri&la wre evaluated trom accelerated 

trattic test data (Appendix A). 

RECOIICDDATI0IS 

The nonlinear r••'-11ent moduli ot granular material• preaented in 

this report can be uaed in the iterative lqered elutic computer pro

graa to camp.ate paveant re•pon•ea vhen laboratoey repeated load test 

data on granular •terial• are not available. The iterative lqered 

ela•tic coapu.ter progru ~ be fO\IDd in Reference 21. 
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APPENDIX A: COMPARISONS OF COMPUTED AND 
MEASURED STRESSES AND DISPLACfflENTS 

In this portion of the study, the vertical stresses and displace

ments measured in item 3 of the multiple-wheel heavy gear load test 
22 section at the U.S. An,ry Engineer Waterways Experiment Station (WES) 

were compared with those ccmputed by the nonlinear finite element method 

incorporated with various nonlinear stress-strain relations of the pave

ment materials. The multiple-wheel heavy gear load test section was 

composed of a 3-in. asphaltic concrete (AC) surface course, a 6-in. 

well-compacted limestone base, a 24-in. sand and gravel subbase, and a 

4-CBR buckshot clay subgrade soil. Four-inch WES pressure cells and 

linear variable differential transducers (LVDT) were installed at 

various depths in the test section to measure stresses and displace

ments under various loading conditions. Details of the instrumentation, 

construction, and testing of the test section are presented in Refer

ence 16. 

The meshes of the finite element grid are shown in Figure Al. 

Since the thickness of the AC surface course was only 3 in., a constant 

modulus was considered to be appropriate and was used in the computa

tions, Pavement temperature during measurement was about 90°F, and a 

modulus of 100,000 psi was obtained from Figure 3 at that temperature, 

Three different computations were made with different stress-strain 

relations for the granular materials and subgrade soil: 

a. Stress-strain relation No. 1. 

(1) Granular materials: 

(bis 3) 

and v • 0,3. For base materials, K • 13,126 and 
K4 • 0.55; for subbase materials, K3

3• 7,650 and 
K4 • 0.59. (Values &re taken from Taijle 1.) 

(2) Subgrade soil: 
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[ 
R/1 - sin 0)(a1 - a ).,~

2 
· 

E • 1 - • E t 2C cos i + 203 sin i i 

and V • 0.4 • 

!!_. Stress-strain relation No. 2. 

(1) Granular materials: 

(bis 8) 

(bis l) 

and v • 0.48. For base materials, K1 • 8300 and 
~ • 0.71 ; for subbase materials, K1 • 2900 and 
K

2 
• 0,47. 

(2) Subgrade soil: 

Salle a• in stress-strain relation No. l. 

c. Stre11-1train relation No. 3. 

(l) Granular materials: 

Same as in stress-strain relation No. 2. 

(2) Subgrade soil: 

and v • 0.4 • 

(bis 6) 

(bi• 7) 

Tbe reason for selecting large values for Poisson's ratio was explained 

on page 18. It is believed that large values for Poisson's ratio repre

sent tield conditions better than the small value that is used in 1tres•-
1train relation No. 1. Both static and resilient moduli for 1ubgrade 

1011 were determined from laboratory tests on undisturbed samples. 

Figure A2 compares computed and measured deflections along the 

load axis or a 30-kip single-wheel load. Using stress-strain relation 

Bo. 1, the computed values were much higher than the measured. Thia vaa 

anticipated because ot the nature or Equation 3. Equation 3 a•• uae• 
that the ela• tic 1104uli ot granular materials depend •olely on the 

minor principle • tre•• a
3 

(confining pressure). When ten• ile atre•• e• 
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Figure A2, Comparison of the computed and measured ddtlections 
along the load axis of a 30-kip single-wheel load 

were computed at the bottom ot the granular layer•, the elastic moduli 

reduce4 drastically as the load increment increased, as indicated in the 

computer outputs. Also, the use or static moduli tor . the subgrade soil 

was inadequate because the measured deflections were ela1tic, i.e., the 

rebound portion or the curve. Resilient moduli or su'bgrade soil show.d 

be used in the computation•, which would result in a reduction or de

flections since the reailient moduli are generally much greater tha11 

the static ones. 

The use ot Equation 1 can greatly increase the elastic moduli of 

granular materials. The major principal stresses a
1 

are generally in 

compression and are very much greater than the intermediate and minor 

principal stresses a2 and o3 • which are in tension with load at the 

bottom or the layers. Hence, in most cases, the tirat stress invariant 

8 • the sum or the prir.cipal stresaes, is positive in magnitude. The 
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computed deflections bo.sed on Equation 1 are shown in curve 2 of Fig-

ure A2.. The computed deflections, however, were still much greater than 

the measured. This was also anticipated because static moduli were used 

in the computations. Neverth~tess, it is clearly illustrated that the 

use of the first stress invarian•t 0 is superior to the use of the minor 

principal stress o3 in characterizing granular materials. 

When the static moduli of subgrade soil were replaced by the re

silient moduli in the computations, the resulting deflection curve 

aeaumed the shape of curve 3 shown in Figure A2. The deflections were 

greatly reduced and agreed very well with the measured deflections. It 

is interesting to note that the portion of curve 3 above the subgrade 

is nearly parallel to curve 2. This is due to the material characteri

zations for materials above the subgrade soil being the same for these 

two computations. 

i 

t 
I 

IO 

-
,. 

Figure A3 compares measured and computed vertical atresses for a 
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Figure A3. Comparison of measured and computed vertical stresses 
along the load axis ot u 30-kip single-wheel load 
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30-kip single-wheel load. Curves 1 and 2 were computed with static 

moduli or the subgrade soil; therefore, the ~v~puted stresses at the sur

face ot the subgrade soil were much too low. Since resilient moduli of 

the subgrade soil were used (providing better subgz·ade support), the com

puted vertical stress at the subgrade s'llrface increased and approached 

the measured value (curve 3). For comparison, the curve for Boussinesq's 

solution is also presented in Figure A3. 

Figure A4 compares measured and computed deflections along the 

load axes of 15- and 50-kip single-wheel loads. The computations were 

i 

E 
I 

• . 11-«1 .. __ ,1.1.0AD 

Wl!!2 
• MIAlw•IDVALUl'I 

o-----G co11 .. uT10 VALUII 

Figure A4. Comparisons of measured and computed 
deflections along the load axis of two single
wheel loads 

0 I 

made with stress-strain relation No. 3. It can be seen that the com

puted values were quite close to the measured ones. Figure A5 is simi

lar to Figure A4 except that it shows the vertical stresses. The com

putations here were also in good agreement with the measurements. 

Figure A6 compares meuured and computed deflection basins at 
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Figure A5. Comparison• ot Ma•ured and computed vertical 
•treHes along the load axi• ot tvo 1ingle-vheel load• 

variou• depth• under a 30-ldp aingle-vheel load. The computations were 

made with • treas-strain relation Ro. 3. The agreement between the 

computations and the measurement• along the ottset axes was not as good 

a• that along the load axis. 

To 111-. .-. r.rate the variation• ot the modulus in the granular mate

rials and the aubgrade •oil with ditterent 1treH-1train relations, -the 

moduli in the pavement 1ubjected to a 30-kip • ingle-vheel load are tabu

lated in Figure Al. Within each element, the tirst, •econd, and third 

value• are the moduli corre•ponding to atre11-•train relation• Bo. 1, 2, 

and 3, re•pectivel.y. The modulu• was not tabulated when tension vaa 

developed in an element (a very small positive value va• actually aa

• iped to the computer in the computation). It can be •een that the 

aoduli ot granular material• increa•ed drutically when the mterial 

cb&racteriz~tion chanpd trom a3-dependent to 8-dependent. When the 

modulu• ot the subgrade •oil vaa changed trom static to re• ilient, the 
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moduli near the bottom of the granular materials around the loaded area 

increased greatly but increased only slightly elsewhere, while the moduli 

in the subgrade itself increased significantly. 

Figure A7 shows the variation of resilient modulus under differ

ent loads. In each element, the first, second, and third values are 

modulus values under 15-, 30-, and 50-kip loads, respectivel7. Stresa

strain relation Mo. 3 was used in the computatione. In the granular 

layer, the resilient modulus increased rapidly with an increase in load 

in the upper portion of the layer around the loaded area where the 

stress intensities were large, but increased insignificantly elsewhere. 

This is due to the modulus of granular materials increasing with increas-. 
ing stress intensity e, i.e., e •ax+ ay + az • a1 + a2 + a3 • It 

is interesting to note that in the subgrade soil the resilient modulus 

decreased with increasing wheel load. This is moat significant in the 

upper portion of the subgrade around the loaded area. Also, the resil

ient modulus of subgrade soil increased with increasing depth and also 

increased with offset distance, near the 1ubgrade surface. This is in 

contrast to the granular materials in which the resilient modulus de

creased with depth and with offset distancee. As ahovn in Figure 4, the . 
resilient modulus of subgrade soil decreases 1harply ·with increasing de-

viator stress ad and reaches a nearly constant value as the deviator 

stress ·turther increase,. Evidently, the deviator stresses near the sub

grade surface around the loaded area were larger than elsewhere in the 

subgr&de and also increased significantly with increasing wheel load. 

Figure AB shovs the computed shear and radial stresses in the 

pavement under a 30-ltip single-wheel load; they are ahovn as the first 

and second values, reepectively, in each element. These computations 

were also based on etre•a-1train relation Bo. 3. Positive numbers denote 

c011pression and negative ones denote tension. In this figure, maximum 

stresaes are marked by an asterisk. It can be seen that near the pave

ment surface the Ill.Xi.ma ehear stress always occurred near the edge of 

the load. As the depth increased, the location of maximum shear stress 

moved outward. For radial streHes, maximum compreBBion occurred at the 

center of the loaded area n~ar the surface of the AC layer, but tensile 
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•tr••• did not develop near the bottom ot the AC layer. This is possibly 

because ot the tirm •upport trom the granular layer•• In the granular 

baae layer, maximum comprea• ive radial stre• a occurred near the center 

a• in the AC layer, but tensile radial stress developed near the center 

ot the load at the bottom ot the base layer. In the subba•e and sub

grade layer•, radial •tre•• e• were all in comprea• ion and the maximum 

values occurred at the edge ot the loaded area at the surface of the 

•ubb&ae layer and moved outward as the depth increased. 
• 
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