
Transportation Research Record 898 133 

Study of Resilient Characteristics of Tropical Soils for 

Use in Low-Volume Pavement Design 
ALEX T. VISSER, CESAR QUEIROZ, AND W. R. HUDSON 

The re111ient modulus 11 e nece111rv factor for tha mechani1tic analy1l1 of 
pavament rtructur11, but It 11 allO relatively expensive to manure. Meterlal 
characterization i1, however, a routine operation during the d11i11n and con· 
ltructlon of a road. The aim of thl1 1tudy wa1 to devalop prediction model• 
for estimating the ra1lllent modulus from 1tandard laboratory t11t r11ul11. 
Date collected during a ra11arch project conducted In Brazil by the Brazlllan 
government end tha United Natlon1 Development Program were used a11 
primary 1ource. The model• ware tolted and extended on data collected by 
Aurtln Re111rch Englnoars In the United Stat11, and the revised models were 
evaluated by using published date from different perts of the world. R11lllent mod· 
ull measured on the Brazlllan 11mples lletorltlc meterl1l1) were very much higher 
than those m111ured on 11mpl11 (clayl) from the United Stato1. Even among 
the Brazlllan 1empl11, 11ndy materlel1, thought to Indicate an advanced degree 
of latarlzatlon, had a higher modulu1 than dayay materlal1. Molatura c:ontent 
w11 not found to influence the modulu1 of the Brazllian materl1l1, but It had 
a 1lgnlflcant effect on the U.S. 11mpl11. Comparl10n of valu11 predicted 
from the model1 with measured valu11 obtained In the United Stet11 1ugga1t1 
that although the modal• ware developed on undisturbed materials, the rasults 
may also be applicable to laboratory-compacted 1ampl11. The moi1ture 
c:ontent 1hould, however, be below optimum, since a high moisture content 
can have an unpredictable Influence on the results. Compari1on of the pre· 
dicted re1ilient modulu1 with untrafflcked and trafficked undi1turbed road· 
bad materials u1ed in the road teat conducted by the American Al10ciation 
of State Highway Officials (AASH0) 1howed that there may be a traffic 
Influence. 

Pavements were traditionally designed by empirical 
methods derived from road test results and local ex­
perience. Severe problems are encountered when 
these methods are transferred to different environ­
ments or when materials fall outside the range of 
experience. These problems, together with develop­
ments in electronic computations, have led to mecha­
nistic pavement analysis procedures that use elas­
tic-layer theory. Inputs to these programs include, 
among others, the elastic properties of the differ­
ent pavement layers. 

The resilient modulus (MR) for the elastic 
properties of pavement materials was originally used 
by Hveem (];). He preferred resilience to such terms 
as elasticity, since movements much greater than 
those that can occur in many elastic solids such as 
glass, concrete, and steel must be considered in 
pavement layers. For widespread application of 
elastic-layer theory programs in pavement design, it 
is essential that the resilient properties of the 
pavement layers, in particular the roadbed material, 
be readily obtainable. 

It is common practice virtually everywhere in the 
world to carry out a soil survey along the route of 
a new road. Further material testing is also done 
at the completion of each layer, e.g., subgrade, 
subbase, and base. Standard material classification 
test results are then routinely available for each 
of the layers. Resilience testing, on the other 
hand, is a sophisticated procedure and relatively 
expensive. It would therefore be of considerable 
value if the resilient modulus could be estimated 
from standard laboratory test results. 

This study was aimed at developing models for 
predicting the resilient modulus of undisturbed 
roadbed samples obtained in tropical regions from 
standard laboratory test results. The samples were 
collected and tested in a research project conducted 
in Brazil under the auspices of the Brazilian 
Government and the United Nations Development Pro­
gram. The applicability of the models to other en­
vironments and materials was extended by using un-

published data made available by Auetin Research 
Engineers (ARE). 

This paper first gives a review of existing 
methoda for predicting the resilient modulus, Then 
a hrief description of the procedure for obtaining 
the samples and the test procedure is given. Predic­
t ion models are developed from a statistical analy­
sis, and the implications of the models are dis­
cussed. Finally, the applicability of the models is 
extended to data collected in the United States, and 
the models are compared with other data sources. 

CURRENT PROCEDURES FOR ESTIMATING RESILIENT MODULUS 

Probably the most common method for predicting the 
resilient modulus is to uss the California bearing 
ratio (CBR). Heukelom and Klomp (2) proposed a re­
lation between the dynamic subgrade resilient modu­
lus (MR) and the CBR value, developed on clays and 
sandy soils, as follows: 

MR (MPal • constant x CBR. 

Normally, a value of 10.4 is taken as the constant, 
although Barksdale and Hicks (3) showed that this 
can vary from 4.8 to 79.0, Klrnan and Glynn (.!l 
studied two boulder clays and found the value of the 
constant to be 1. 7. The tremendous variations in 
the value of the constant clearly indicate the great 
extent to which the estimate can be incorrect when 
the above relationship is used. This point is 
further supported by the plot of resilient modulus 
versus CBR shown in Figure 1 for the Brazil data 
evaluated in this paper. The values of the constant 
of the envelope lines are 0.7 and 106.0. It is 
clearly not advisable to use CBR for estimating the 
resilient modulus. 

Monismith (SI developed the relation given in 
Figure 2, which shows isolines of resilient modulus 
for different combinations of density and moisture 
content from the study of a pavement section in 
California. However, evaluation of the data showed 
tremendous scatter in the data points. Seed, Chan, 
and Lee !!l showed large variations in resilient 
modulus for above-optimum moisture content. Moisture 
content and density have thus been shown to in­
fluence the resilient modulus. 

A detailed study to identify and quantify those 
soil properties that control the behavior of Illi­
nois soils was conducted by Thomps.on and Robnett 
(7). Kneading-compacted samples were used. They 
found no single soil property that was highly cor­
related with resilience properties. Low plasticity, 
low group index, high silt content, low clay con­
tent, low specific gravity, and high carbon content 
contribute to low resilient moduli. For moisture 
content at and above optimum, the soaked CBR was 
negatively correlated with the resilient modulus, 
which is contrary to engineering experience. They 
also found a fair correspondence between the resil­
ient modulus and the static modulus of elasticity, 
the unconfined compressive strength, and the degree 
of saturation. 
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SAMPLE COLLECTION AND RESILIENT-MODULUS 
DETERMINATION 

Samples of undisturbed roadbed were collected from a 
number of paved road sect i ons in the central region 
of Brazil in the states of Goias, Minas Gerais, and 
Sao Paulo. By using a 75-mm diameter Shelby tube, 
an undisturbed-roadbed sample some 500 mm long was 
taken from a depth of 900 mm below the road sur­
f ace. A loaded truck was used as a counterweight 
for the pneumatic jack for sinking the Shelby tube, 
and the tube with the sample was extracted manual-

Figure 1. Comparison of CBR and resilient modulus of Brazil data for devlator 
stress of 14 kPa. 
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Figure 2. Relation among water content, dry density, and resilient modulus for 
1ubgrade soil. 

"':: 
' :!! 
.,: ... 
iii z ... 
a 

>-
25 

14 0..--~-~--,--,-~-~-----. 
·SITE 1 
•SITE 3 

t----i--~>---'llf-==--'\----1 •srrE4 I 38 -..a.J.5 lN 

134 

132 

130 

128 

12 6 

124 

1()3 ptl •;:­

l---+---+-' ...... 1---'r--lt---' ...... 716. 7600 ptl 

"'· 'Eb. 
40oog__ 

000..,., ........ 

l!OOOS "' 2.6 

,, ,, 
10~ .... 

1224 
5 6 7 e 9 10 

WATER CONTENT, '.4 

Transportation Research Record 898 

ly. Both ends of the tube were sealed with paraffin 
wax immediately after the sample was taken. 

Whan the sample was tested in the laboratory, th~ 

wax seals were removed and the sample was extracted 
from the Shelby tube with a sample extractor. The 
moisture content and density of the undisturbed 
samples were compared with those obtained from the 
in situ measurements, and close agreement was 
found. This indicated that the wax seal was effec­
tive, that no moisture was lost, and that no densi­
fication had occurred during the taking and extrac­
tion of the sample. After extraction, the sample 
was trimmed to a height-to-diameter ratio of about 
2. The sample was then placed in a rubber membrane 
and fitted in the triaxial cell. The sample was 
tested at deviator stresses ranging from 14 to 70 
kPa at a confining pressure of 14 kPa. The ranqe of 
deviator stresses used depended on the stiffness of 
the material. At each stress level, the sample was 
tested for 10 000 repetitions at 1 Hz with a load-on 
time of O.l s and a load-off time of 0.9 s. Resil­
ient deformation readings were taken after 100, 200, 
500, 1000, 2000, 5000, and 10 000 load applica­
tions. Reasonably constant deformations were 
usually found after some 2000 load repetitions, but 
in those cases where the resilient deformation was 
not constant, the result at 10 000 repetitions was 
used to compute the resilient modulus. 

The undisturbed sample taken in the field had a 
length of about 500 mm. It was therefore sometimes 
possible to obtain more than one sample for repeated 
triaxial testing from one Shelby tube sample. The 
measured resilient moduli provided information for 
determining the repeatability of the tests • 

ANALYSIS OF RESULTS 

For each sample the resilient modulus, deviator 
stress, in situ moisture content, density and CBR, 
grading analysis, standard Proctor density and mois­
ture content, liquid limit, plasticity index, and 
American Association of State Highway and Transpor­
tation Officials (AASHTO) soil classifications were 
available. Table 1 gives the mean, standard devia­
tion, and range of the dependent variables use<'! in 
the analysis. The discussion and models are only 
applicable within the ranges of the different vari­
ables. Extrapolation of the models, or the discus­
sions below, beyond the limits of the data range 
should be approached with caution. 

It is interesting to note the very high resil­
ient-modulus values found on some sections. The 
maximum value of 1710 MPa is greater than the value 
generally used in pavement design for high-quality 
unstabilized base materials. Another surprising as­
pect is the very large range of the degree of sat­
uration and the relatively low mean value. This ob­
servation contrasts with the general experience in 
the United States, where roadbed materials are con­
sidered to be highly saturated. The very low 
degrees of saturation found in Brazil may explain 
the very high modulus values obtained. 

The results of the literature survey suggested a 
number of possible explanatory variables. The first 
was CBR, which was shown to be correlated with the 
resilient modulus by Heukelom and Klomp <1> • The 
work by Monismith (5) suggested that dry density and 
moisture content could be used to predict the resil­
ient modulus. Seed, Chan, and Lee (!_) also showed 
the importance of a moisture content above or below 
the AASHTO test optimum value. In their study of 
Illinois soils, Thompson and Robnett (7) found that 
the degree of saturation was an importa-;;t prediction 
variable. 

In the regression analysis, the resilient modulus 
was used as a dependent variable, and the other 
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Table 1. Mean, SD, and range of dependent and 
No. of independent variables of Brazil data analyzed. 
Observa-

Variable tions Mean SD Minimum Maximum 

In situ moisture content(%) 75 20.8 5.6 8.6 31.2 
In situ density (kg/ml) 75 1519 215 1051 1978 
In situ CBR (%) 75 14.2 8.3 2 34 
Liquid limit (%) 75 46.4 11.2 21 67 
Plasticity index (%) 75 22.1 7.0 7 36 
Ma terial passing 0.074-mm sieve(%) 75 63 17 18 90 
Degree of sa turation (%) 
Relative density 
Resilient modulus (kPa) 
at deviator stress = 14 kPa 
at deviator stress= 28 kPa 
at deviator stress = 42 kPa 
at deviator stress = 5 6 kPa 
at deviator stress = 70 kPa 

available var iables were i nvest i gated as independent 
variables. Two- factor int erac t ions of these inde­
pendent variables were also considered. In addi­
tion, the degree of saturat i on was computed; a spe­
cific gravity of 2.65 was a s s umed for the grains. 
Certain other independent variables were also in­
vestigated, such as the ratio of field density to 
laboratory density and plastic limit. Because of the 
large number of independent variables thus gen­
erated, groups of variables had to be evaluated and 
the insignificant variables eliminated. 

A stepwise regression program (STEPOl) , which is 
based on the BMD02R program, was used in the least­
squares regression analysis. After the first set of 
runs, it was decided to eliminate the following: 

1. The percentage of material passing the 0.074-
mm sieve, which was the grading analysis variable 
analyzed, since although it had a high simple cor­
relation with the resi l ient modulus, it was also 
very highly correlated with the liquid limit, the 
plasticity index, the moisture content, and combina­
tions of these variables; 

2. The optimum moisture content and laboratory 
density, since the simple correlat ion coefficient 
with the resilient modulus was low and because no 
plausible explanation could be found why the labora­
tory test results would predict the in situ resil­
ient modulus; and 

3. The relative density, i.e., the ratio of 
field density to laboratory density, because of the 
insignificantly low simple correlation coefficient 
with the resilient modulus. 

After the above simplifications, the models investi­
gated were in a more manageable form. 

Model Empl oy i ng Atterberg Limi t s 

As a first step in the development of suitable 
models, a simplified model was evaluated that uses 
as predictor variables Atterberg limits and moisture 
content besides a material type classification and 
the deviator stress for a constant confining pres­
sure of 14 kPa. In the preliminary runs it was 
found that the moisture content entered into the re­
gression, but it had a positive sign. This means 
that the resilient modulus increases as the water 
content increases, all othei: factors being con­
stant. This result is contra r y to engineering ex­
perience. Inspection of t he res ul t s showed t hat the 
water content was highly correlated with the Atter­
berg limits. Subs t itution of water content by one 
of the Atterberg limits resulted in an equation that 
was equally good, in terms of standard error, and 
cons i der ably more logical. 

During the analysis runs, it was noted that when 

75 49.6 11.4 28.4 83.2 
75 0.90 0.11 0.63 1.25 

50 235 .3 193 .6 13.4 1019 
74 340.1 364.6 12.4 1480 
75 278.2 313.2 11.6 1600 
75 246.5 297.3 11.0 1700 
25 476.4 375.8 28.I 1710 

visual classification of materials indicated the 
presence of sandy particles, these materials had a 
higher resilient modulus than samples that did not 
contain sandy particles, all other conditions being 
equal. The clay materials usually had an AASHTO A-7 
classification, whereas the materials containing 
sandy particles were classified as A-2-4, A-2-6, 
A-6, and sometimes A-7. It was suspected from vis­
ual observations that sandy particles indicated 
laterizat ion , which is a cement i ng process, in 
various stages of cementing. This would also ex­
plain the very high resilient moduli measured. Since 
a hydrometer analysis had not been done on the finer 
fractions, the visual classification was adopted. 
It is strongly recommended that in future work the 
proportion of clay, silt, and sand fractions be 
taken into account. 

The model employing the Atterberg limits, which 
is also termed the short model, is the following: 

llvlR = 2.041 + 0.032811 + 0.749DV - 0.006011 x DV - 0.0573P1 

- 0.000 159P1 x SD (1) 

where 

T.JMR • 

LL 
DV 2 

PL 
SD ~ 

log to base 10 of resilient modulus (MPa) ; 
liquid limit (%) 1 

material-type dummy variable, 0 for clay 
materials and 1 for sandy materials: 
plastic limit (%); and 
deviator stress (kPa) . 

A total of 299 observations was used to derive this 
model. The model has an R 2 of 0. 57 and a standard 
error for residuals (in log terms) of 0.317. Con­
sequently, the 95 percent confidence interval of a 
predicted value is LMR ± 0. 62. This means that if 
model l predicts a resilient modulus of 100 MPa, the 
confidence interval is 24-417 MPa. 

Model l predicts a decrease in the resilient 
modulus when PL and deviator stress increase. The 
predicted resilient modulus of sandy-type materials 
is greater than that of clayey materials for LL 
within the range studied. In fact, this applies up 
to a value of 124. 8 for LL. For the clay material 
{DV = 0) the term containing LL has a positive 
sign. However, there is usually a strong interde­
pendence between LL and PL. Therefore as LL in­
creases, so generally does PL. As long as the ratio 
of LL to PL is less than l.81, an increasing LL will 
result in a decrease in the resilient modulus for 
the lowest deviator stress (14 kPa) evaluation. 
This ratio will increase for larger deviator 
stresses to a value of 2.09 for a deviator stress of 
70 kPa. Examination of the data showed that in 
general the ratio of LL to PL lies in the range from 
1.8 to 2.1. 
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The fact that the in situ moisture content did 
not enter into the regression equation in a logical 
manner was cause for concern. When two var iableti 
are highly corr:elated, one var iable may e nter i nto 
the r egression i n a manne r that is unaccept able in 
an engineer i ng sense. Ridge r egression (!_) , which 
is a relat i vely recent devel opment i n stat i s tics, 
overcomes problems related to correlations between 
variables. However, a ridge regression showed the 
influence of moisture content (9) to be small for 
clayey materials and illogical for sandy materials, 
which suggests that the data set was probably defi­
cient in its ability to predict moisture content in­
fluences or that moisture content does not affect 
the lateritic materials. 

Model Employing Atte r berg Limits, in Situ 
Oensi·ty, and CBR 

More information than the Atterberg limit11 is often 
available, and a bette r es tima te of the resilient 
modulus is expected. As the next s·tep i n the analy­
sis procedure, several additional prec:Uctor vari­
ables we re investiga t ed. The indepe nde nt va riables 
studied were the Atte r berg limits 1 in si t u moisture 
content, density, and CBR1 a material type classifi­
cationi and the deviator stress for a constant con­
fining pressure of 14 kPa. The following variables, 
shown in the long model, were found to be signifi­
cant: 

LMR = 1.824 t 0.0423LL t 0.289DV t 0.000 010 3DI x CBR 

- 0.000 607CBR x LL t 0.0143CBR x DY - 0.0604PL 

- 0.000 166PL x SD (2) 

where DI is the in situ dry density in kilograms per 
cubic meter and CBR is the California bearing ratio 
in pe rcent. In the derivation of this model, 299 
observations were used. The model has an R2 of 
0.61 and a standard error for residuals (in log 
terms) of 0.304. The 95 percent confidence interval 
of a predicted value is LMR ± 0.60. This means 
that if model 2 predicts a resilient modulus of 100 
MPa, the confidence interval is 25-398 MPa. 

If the confidence intervals of models l and 2 are 
compared, it is obvious that there is little mean­
ingful difference between the predictive precision 
of the two models. However, statistically, the long 
model is significantly better at the 0. 01 level of 
significance than the short model. Because of the 
small difference in the predicted accuracy and the 
fewer predictor variables that are required for the 
short model, it is recommended that this model be 
used in practice. Evaluation of other sources will 
thus be restricted to the short model. 

Because of the larger number of variables in the 
long model, it is more difficult to evaluate the in­
fluence of each predictor variable than in the short 
model. It is not possible to isolate the effect of 
LL because it is related to PL and it has an inter­
action with CBR. For increasing PL there is a de­
crease in the resilient modulus and for increasing 
CBR the resilient modulus increases. The general 
trend of the predicted resil i ent modulus is as would 
be expected from practical experience. 

Evaluation of Errors 

In this paper, errors are considered to be devia­
tions from predicted values or variations between 
observed resilient moduli rather than something done 
in error. Two types of variations, or errors, are 
identified. These are the variations in the mea­
sured resilient modulus of samples extracted from 
the same Shelby tube and the variations in measured 
resilient moduli between tubes when the material 
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characteristics of the tubes were essentially 
identical. 

The £ 1111t Lype of error represents an cotimate of 
the repea t ability of t he test procedure. Si nce all 
the analy s es were performed o n t he loga r ithmic 
transformat ion of the resili.ent modu lus, an est i mate 
of the measurement error was also calculated on the 
logarithm of resilie nt modulus. The computation is 
essentially a calculation of the varia nce for each 
set of measurements from the same tube at the same 
deviator stress and a sum of the variances of all 
the tubes and deviator stresses. The degrees of 
freedom for each variance calculation were one less 
than the number of samples. The total sum of 
squares, or variance, was 4. 381, and there were 128 
degrees of freedom. The SD of the logarithm of the 
resilient modulus is thus 0.185. Therefore, the 95 
percent confidence interval is LMR ± 0. 36. This 
means that if a value of 100 MPa is measur ed, the 
true value lies between 47.9 and 229.l MPa with 95 
percent confidence. As would be expected, the SD of 
measurements on the same sample is smaller than the 
standard error of the models ( O .185 versus 0. 31 for 
the short model) • Since the so does not consider 
the inherent variability in materials when their 
properti e s are essentially similar, the SO should 
not be used to evaluate the adequacy of the model. 
For this purpose the variability between materials 
when their properties are essentially similar was 
evaluated. Ideally, the properties should be equal 
in all respects, but in samples taken in the field 
the calculations were performed on samples the 
properties of which were essentially the same. 

The calculation of the variance between measure­
ments of essentially similar materials leads to the 
pure e rror, or error due to replic a te or repeated 
measu r eme nts. In each case the average resilient 
modulus per tube was used, and the computation was 
done as des cribed above. There were 32 degrees of 
freedom, and the sum of the variances was 6.01. The 
SD of replicate measurements was 0.433, which is 
greater than the standard error of residuals. A 
statistical test comparing the lack-of-fit error 
(sum squares of residuals minus replicate sum of 
squares) to the replicate error showed that there 
was no reason to doubt the adequacy of both short 
and long models at the 0.01 level of significance. 

Verification of Short Model 

The data were collected by ARE on undisturbed fine­
grained subgrade samples, which had an AASHTO clas­
sif i cation of A-7. For each sample, LL, PL, grada­
tion, in situ moisture content and density, confin­
ing pressure, and deviator stress at which the 
resilient moduli were measured were known. Measure­
ments were made at two different confining pres­
sures, 18 and 32 kPa. Since the short model was 
valid for a confining pressure of 14 kPa, only the 
ARE data at a confining pressure of 18 kPa were 
used, and it was assumed that the small dHference 
in confining pressure would not affect the results. 
The test procedure was essentially as described for 
the Brazil study. For each ARE data point, the 
resilient modulus predicted by the short model was 
computed. Plots of the difference between the 
logarithms of the measured and predicted resilient 
moduli, i.e., the residuals, against the various in­
dependent variables showed that there was a con­
siderable difference in the resilient modulus of the 
two samples. A plot of the r esiduals against mois­
ture content (7) showed ·that t he resilient modulus 
predicted for the Brazil materials was greater than 
that of the ARE s ample . There was also a decrease 
in the resilient modulus with increasing moisture 
content, as expected. 
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It was thus shown that the short model derived 
from the Brazil data was not applicable to samples 
obtained in the United States. 

Revision of Short Model 

It was hypothesized that the basic short model was 
applicable to the ARE data and that additional terms 
could help to explain the difference between actua-1 
and predicted values. Both data sets were therefore 
pooled, each identified by a dummy variable, and 
analyzed together. 

The stepwise least-squares regression technique 
was again employed. The same independent variables 
that were found to be significant in the development 
of the short model were again significant for the 
Brazil data, and some additional independent vari­
ables were entered in the model for the ARE data. 
Although the following three models were derived 
together in the same analysis, they are presented 
for each material type for easier understanding. 

Brazil data, clayey materials: 

LMR = 2.050 + 0.0326LL - 0.0573PL- 0.000 158PL x SD (3) 

Brazil data, sandy materials: 

LMR = 2.790 + 0.0268LL-0.0573PL-O.OOO 158PL x SD (4) 

ARE data, A-7 materials: 

LMR = 2.050 + 0.0326LL- 0.0661W + 0.000 626W x SD 

- 0.000 434LL x SD - 0.0030PL- 0.000 158PL x SD (5) 

where W is the percentage of moisture content. A 
total of 368 observations was used to derive these 
models. The overall R2 is 0.64, and the standard 
error for residual (in log terms} is 0.314. 

When models 3 and 4 are compared with the short 
model, i.e., model 1, it can be seen that the same 
terms are significant but that the values of the 
coefficients are slightly different. This is at­
tributed to the inclusion of the ARE data in the 
analysis. 

For the ARE data an increase in moisture content 
results in a decrease in the predicted resilient 
modulus for a deviator stress less than 106 kPa. All 
the data were collected at a deviator stress below 
this value, and therefore the model predicts 
logically. It is conceivable that the model pre­
dicts an increase in resilient modulus at low devia­
tor stresses when there is an increase in r,L, but it 
is difficult to isolate this effect because of cor­
relation between LL and PL and moisture content. 

Many researchers have shown (10) that log resil­
ient modulus and log deviator stress are .linearly 
related. For this reason an additional analysis was 
performed by using log deviator stress instead of 
deviator stress as an independent variable. The re­
sulting models are as follows: 

Brazil data, clayey materials: 

LMR = 2.518 + 0.0348LL- 0.293 log SD - 0.0683PL 

Brazil data, sandy materials: 

LMR = 2.646 + 0.0243LL- O.IOl log SD -0.287PL- 0.0198PL 

xlog SD 

ARE data, A-7 materials: 

LMR = 2.518 + 0.0266LL- 0.293 log SD - 0.0433W - 0.006 59LL 

x log SD - 0.0097PL 

(6) 

(7) 

(8) 
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The predictive capability of these models is the 
same as for models 3 to 5, since the overall R2 is 
0. 64 and the standard error for residuals (in log 
terms) is 0.313. Both sets of models represent the 
data equally well, and within the range of the in­
dependent variables investigated, either set may be 
used. 

This revised analysis supports the previous find­
ing that the Brazil data are inadequate for evaluat­
ing moisture-content influences. However, moisture 
content is an important variable for predicting the 
resilient modulus. Model 5, derived from the ARE 
data, will be used to evaluate other data sources, 
mostly samples taken in the United States. 

Verification of Revised Short Model 

Several sources of data were available to verify the 
revised short model (model 5). These were studies 
by Monismith (5); Seed, Chan, and Lee (6)1 Hsia and 
Padgett (11); -Thompson and Robnett (7)7 and data 
collected in South Africa (12). -

The subgrade soils studied by Monismith (5) were 
rlescribed as a combination of weathered slat;, lava 
conglomerate, and silty clay or dredger tailings, 
red silty clay, and cemented cobbles. The samples 
for laboratory resilience testing were compacted by 
kneading compaction into specimens 100 mm in diam­
eter by 200 mm in height. Repeated-load tests were 
conducted with a constant cell pressure of 20 kPa 
and deviator stresses of 7, 14, and 20 kPa applied 
at a frequency of 20 repetitions per minute and a 
load duration of O .1 s. Resilient moduli were as­
certained from recoverable deformations measured 
over the center 100 mm of the specimens after 1000 
stress repetitions. 

Although the samples were laboratory compacted, 
were not A-7 type materials, and were tested at a 
confining pressure of 20 kPa instead of the 14 kPa 
for which model 5 was derived, the measured and the 
predicted resilient moduli were compared. This is 
shown in Figure 3. The measured resilient modulus 
was within the 95 percent confidence interval of 
prediction for sites 3 and 4, whereas the measured 
resilient modulus was considerably lower (by a fac­
tor greater than 10) than the prediCted value at 
site 1. Comparison of the density, moisture con­
tent, LL, and PL of the materials at sites 1 and 3 
shows that these are similar, and one would not ex­
pect the large difference in the measured resilient 
modulus that was reported. It thus appears that 
some factor that was not reported influenced the 
measured resilient modulus of site l and conse­
quently the correlation between the predicted and 
measured resilient moduli. This requires further 
study. 

Seed, Chan, and Lee (.§_) investigated the resil­
ient characteristics of the AASHO road test subgrade 
soil. Undisturbed subgrade samples were repeatedly 
loaded with a deviator stress of 7 kPa, and the con­
fining pressure was held at 24 kPa. The frequency 
of stress application was 20/min and the duration of 
stress application was 0.25 s. The resilient modu­
lus was computed after 60 000 load repetitions. 

Samples taken from the untraff icked and traf­
ficked loops were investigated. Figures 4 and 5 
show the plots of resilient monulus versus moisture 
content for these two conditions. l\.qain the test 
conrlitions differed from the conditions for which 
the predictor model was developed. However, the 
frequency of stress applications and the different 
confining pressures were assumed not to influence 
the comparison. Average values for LL and PL of 29 
and 16 measured at the AASHO road test ( 13) were 
used in the prediction. The predicted values and 
the lower bound of the 95 percent confidence inter-
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Figure 3. Comparison of Monl1mlth r11illent moduli with those predicted by 
revi1ed 1hort model 5. 
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val are also shown in Figures 4 and 5. The upper 
bound lies outside the figures because it is a loga­
rithmic relationship. Very good agreement between 
the measured and predicted resilient moduli is ob­
vious. It is interesting to note that most of the 
data points lie below the predicted modulus line on 
the untrafficked loop, whereas most of the data 
points lie above the predicted line on the traf­
ficked loop. This may be random scatter, but it is 
also poaaible that trafficking increases the resil­
ient modulus. This is another aspect that requires 
further study, 

Resilient moduli of laboratory-compacted roadbed 
materials were also presented in a Forest S.erviee 
report (ll). Tests were conducted at optimum mois­
ture content and higher. A comparison of the mea­
sured resilient modulus with values predicted by 
model 5 showed that for some samples the values were 
underpredicted by as much as a factor of 10, and on 
other samples the prediction was very close. 

The study by Thompson and Robnett (14) also gives 
measured resilient moduli of samples-compacted in 
the laboratory at or above optimum moisture · con­
tent. Model 5 generally predicted a resilient modu­
lus greater than that measured. Both the Forest 
Service and the Illinois studies were conducted on 
samples compacted in the laboratory at very high 
moisture contents, and the comparisons suggest that 
model 5 is not applicable to these conditions. This 
conclusion is not uneit:pected, since Seed, Chan, and 
Lee <!l showed that the resilient modulus is eit:­
tremely sensitive to a moisture content above the 
optimum. 

As a pilot study of a project to characterize the 
resilience characteristics of roadbed materials in 
South Africa, a sandy clay material (LL '" 37 per-
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Figure 4. Resilient characteristics of undisturbed samples from untrafflcked 
loop of AASHO test road. 
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cent, PL • 21 percent) was studied in detail. These 
limited data are, however, valuable for evaluating 
the acceptability of model 5. The samples were pre­
pared in the laboratory by static compaction methods 
and tested without confining pressure. One set of 
tests was done on samples compacted at optimum stan­
dard AASHTO moisture content ( 13. 6 percent) to 90 
percent relative standard AASHTO density. Measured 
resilient moduli varied from 362 MPa at 50 kPa re­
peated deviator stress to 150 MPa at 200 kPa devia­
tor stress after 10 000 load repetitions. By using 
model 5, the predicted resilient modulus ranged be­
tween 56 and l. 3 MPa, so the measured values lie 
outside the 95 percent confidence band. Model 3 
gave a higher predicted value, which ranged from 77 
to 19 MPa. The measured values lie at the upper 
bound of the 95 percent interval. Model 4 would 
give even higher predicted values, but it is un­
likely that any cementation would occur in the short 
time that elapses between molding the sample and 
testing. A sample was also saturated in a triaxial 
cell by cell pressure. The measured resilient modu­
lus was 65 MPa at a repeated deviator stress of 40 
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kPa and zero confining stress. The predicted resil­
ient modulus by using model 3 was 83 MPa. For a 

_moisture content of 20 percent, model 5 p_redicts a 
value of 40 MPa. There is thus good agreement, but 
compared with the first set of tests there are cer­
tain moisture-content influences that appear to be 
undefined. This requires further investigation. 

DISCUSSION OF RESULTS 

Analysis of the Brazil data showed that sandy-type 
materials exhibited a higher resilient modulus than 
clayey-type materials. The predictor equations, 
models l and 2, reflect this situation. It was 
hypothesized that the presence of sand grains re­
flects a state of laterization that is more advanced 
than in the absence of sand grains, i.e., clayey 
materials. The greater degree of laterization could 
then account for the higher resilient modulus. 
Laterization, or cementation, could also account for 
the fact that water content was entering into the 
model in an illogical manner in the least-squares 
regression technique and had little influence on the 
model from the ridge regression. It is thus possible 
that these materials from the central plateau re­
g ions of Brazil, where most materials are lateritic, 
have a resilient modulus that is insensitive to 
moisture content. 

Comparison of model l derived from the Brazil 
data and data collected in the United States showed 
that the clayey Brazilian materials exhibited a 
resilient modulus considerably greater than that of 
the U.S. materials. This difference is again at­
tributed to laterization, albeit weak. In the pre­
dictor model based on the U.S. data, moisture con­
tent has a meaningful influence, which substantiates 
experience. 

Verification of the U.S. model against other data 
sets gave very promising correspondence. Good 
agreement was found between the predicted and mea­
sured resilient moduli of undisturbed AASHO roadbed 
samples. There may be a trafficking influence, 
since on the untraff icked samples the measured 
values were lower than the predicted values, whereas 
on the trafficked samples the opposite was true. 
Trafficking may thus alter the soil structure or 
strengthen the soil by reorienting the particles, 
since in situ density was not found to be a signifi­
cant factor. 

There was also good agreement between the pre­
dicted and measured resilient moduli at two of the 
three sites studied by Monismith <2.l. According to 
the data from the third site, a considerably higher 
reeilient modulus should have been obtained, so it 
appears that some factor that was not reported in­
fluenced the results of this site. It may be ten­
tatively stated that model S is applicable to labo­
ratory-compacted samples, but further data are re­
quired to prove this beyond doubt. 

Comparisons of model S with resilient moduli mea­
sured on laboratory samples from the United States 
compacted at or above optimum moisture content re­
vealed large discrepancies, and it appears that the 
model is not applicable to these high-moisture con­
ditions. In a limited study on a South African 
sandy clay, models 3 and 5 agreed closely with the 
measured resilient modulus of a saturated sample, 
but there was a great difference between value of 
the resilient modulus measured on samples at optimum 
moisture content and the predicted value. There may 
therefore be another effect besides moisture content 
that influences the results. 

CONCLUSIONS AND RECOMMENDATIONS 

In the development of models for predicting the 
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resilient modulus of undisturbed Brazilian roadbed 
soils, it was found that certain materials of a 
sandy nature had a considerably higher resilient 
modulus than clayey material types. There are two 
possible explanations, which need to be investi­
gated. The more likely explanation is that when a 
visual examination shows that the material is of a 
sandy type, there is a more advanced stage of lat­
erization than in the clayey type. Some method of 
determining the degree of laterization, perhaps the 
silica/sesquioxide ratio, may help to distinguish 
between the materials. The second possible explana­
tion is that in fact the finer fractions influence 
the resilient modulus, and hydrometer analysis of 
the finer fraction may provide sufficient discrimi­
nation. 

The resilient moduli measured on the Brazilian 
samples were very muoh higher than those of samples 
obtained in the United States, However, the addi­
tion of other explanatory variables to the basic 
Brazil model gave a good prediction model for U.S. 
conditions, as shown by its verification against two 
other data sets. It appears that the predictor 
equation, model S, ia valid for laboratory-compacted 
samples, as shown by the agreements with the Moni­
smith data, but further verification is necessary to 
prove this beyond doubt. work by Seed, Chan, and 
Lee C!l showed that there was close agreement be­
tween the resilient modulus obtained on undisturbed 
and laboratory-compacted samples of the AASHO road­
bed material. We would therefore expect the pre­
dictor model to be applicable to laboratory-com­
pacted samples as well. 

Comparison of the predicted resilient modulus 
with untrafficked and trafficked AASHO road test 
roadbed materials showed that there may be a traffic 
influence. This phenomenon can be studied by ob­
taining samples from different roads of different 
ages built on the same geological roadbed material 
and by considering, e.g., cumulative equivalent 
axles or the number of applications above some load 
as an additional independent variable. 

Further investigation is required into the in­
fluence of the moisture content, both below and 
above optimum. This should be investigated in both 
in situ and laboratory-compacted samples. 
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Aggregate Pavement Design: 

GERALD COGHLAN 

The U.S. Army Engineer Waterways Experiment Station (WES) model for 
Thickness Requirements for Unsurfaced Roads and Airfields is compared with 
the model developed from the Interim Guide for the Design of Flexible Pave­
ment Structures of the American Association of State Highway and Trans­
portation Officials (AASHTO). The WES model extends an earlier model for 
a single unsurfaced soil to include a more competent surfacing material over· 
lying a subgrade soil. The AASHTO model for flexible pavements with a 
bituminous surface course is based primarily on the AASHO Road Test and 
associated studies. The P•P•r demonstrates the adaptation of the WES model 
into the same parameters as the AASHTO model. These models, on three­
dimensional drawings, show continuous curved surfaces from a minimum re­
quired pavement strength at low traffic and high subgrade strength, to pro· 
gressively higher required pavement strengths at higher traffic and weaker sub· 
grades. Of particular significance is the dramatic similarity of the two 
models, although one was developed for soil surfaces and the other for asphalt 
surfaces. The WES (soil surface) model indicates a required pavement 
strength 10-50 percent lower than the AASHTO (asphalt surface) model for 
the same traffic and subgrade strength. From this comparison, it is concluded 
that the WES model provides cost-effective aggregate pavement designs. 

This paper compares the U.S. Army Engineer Waterways 
Experiment Station (WES) model for Thickness Re­
quirements for Unsurfaced Roads and Airfields: Bare 
Base Support (]) with the model developed from the 
Interim Guide for the Design of Flexible Pavement 
Structures of the American Association of State 
Highway and Transportation Officials (AASHTO) (~). 

The procedure used here compares the models on a 
conunon-parameter basis for purposes of evaluation 
and discussion. The comparison gives an added per­
spective to both models and substantiates the appli­
cation of the WES model in the design of aggregate­
surfaced pavements for low-volume roads. 

The WES model extends an earlier model for a sin­
gle unsurfaced soil to include a more competent sur­
f acing material overlying a subgrade soil. The 
model determines the thickness and minimum Cali­
fornia bearing ratio (CBR) of surfacing material for 
a given number of coverages of a design wheel load 
and tire pressure in order to prevent failure of the 
subgrade soil. Failure was defined as a 3-in rut or 
elastic deformation of 1. 5 in of the surface. The 
model is based on load tests of a variety of surfac­
ing material strengths and depths over a variety of 
subgrade strengths by a variety of wheel loads and 
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and Materials Engineering Project 10521, Nov. 
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Institute for Transport and Road Research, 
Council for Scientific and Industrial Research, 
Pretoria, South Africa, NITRR Tech. Note 
TP/25/80, March 1980 (in Afrikaans). 

13, AASHO Road Test. HRB, Special Rept. 61G, 1962. 
14. M.R. Thompson and Q.L. Robnett. Final Re­

port--Data Sununary: Resilient Properties of 
Subgrade Soils. Department of Civil Engineer­
ing, Univ. of Illinois, Urbana, Rept. UILU­
ENG-76-2009, June 1976. 

A Comparison of Two Models 

tire pressures to represent both truck and aircraft 
traffic. 

The AASHTO model for flexible pavements with a 
bituminous surface course is based primarily on the 
AASHO Road Test and associated studies. The failure 
criterion on the AASHO Road Test was a terminal ser­
viceability index (TSI) of 1. 5 on a serviceability 
scale of zero (very bad) to 5 (very good). The 
AASHTO model relates the number of equivalent 18-kip 
axle loads (EALs) to subgrade strength (soil sup­
port) to determine pavement strength [structural 
number (SN)]. This SN may be adjusted by a regional 
factor. Pavement alternatives are developed by sum­
ming layer thicknesses times layer strength coeffi­
c ients to total the required SN. The procedure re­
lates a variety of strength measures, such as CBR 
and R-value, to soil support and layer coeffi­
cients. The resulting pavement model considered 
here is designed to reach a TSI of 2.0 (complete re­
surfacing needed) at the end of its design traffic 
volume. A similar model for TSI = 2,5 is included 
in the AASHTO Interim Guide (~) • 

PROCEDURE 

It was first necessary to convert the WES model to 
the same parameters as the AASHTO model--that is, 
soil support, number of 18-kip EALs, and SN. Then 
the models could be compared on three-dimensional 
and two-dimensional graphical plots. 

Correlation charts for CBR and soil support and 
layer coefficients are used here to compare the 
models . 11.s the AASHTO Interim Guide (1) cautions, 
correlat i ons will vary with local soils and test 
methods. 

~o calculate plotting points for the WES model, a 
9000-lb wheel load with pressure of 80 lb/in 2 was 
assumed. "Coverage" was assumed to be equivalent to 
the number of passes. Soil support of the s ubgrade 
was determined from the correlation chart, static 
CBR, shown in Figure 1 (2). Surfacing thickness was 
determined by using the WES equation (ll : 

t = (0.176 log C + 0.12) v'(P/8.1 (CDR) J - (A/ II) (1) 


