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Resilient modulus predictive equation based on permanent deformation tests 

Equation de prévision du module de résilience basée sur des essais de déformation permanente

S.HANTHEQUESTE CARDOSO, Eng (PhD), Head of the Geotechnical Department, Technological Institute of Aeronautics, Sâo 
José dos Campos, Sâo Paulo, Brazil

SYNOPSIS : Resilient Modulus (Mr) predictive equation was developed based on repeated load
permanent deformation tests with lateritic soils in the laboratory. It was found that the Mr values 
are direct function of CBR, first invariant of stress and number of load applications and 
simultaneously indirect function of the major principal stress. Multiple Stepwise Regression 
Analysis Showed that CBR explains 77% of the total variation of the model. The second important 

variable was the number of load applications.

1. INTRODUCTION

Dynamic characteristics of pavement materials 
have been studied in the laboratory for the 
last three decades. Resilient Modulus (Mr), in 
these studies, has been calculated as function 
of the resilient strain measured at 200-300 
stress repetitions, assuming no variation of 
the resilient strain after that point.

The aim of this research was to investigate 
how the Mr could be estimated from permanent 
deformation test results considering the 
resilient strain measured since the first load 
application until a very high number of 
repetitions.

2. EXPERIMENTAL WORK

The tests were conducted in the Geotechnical 
Laboratory of University of Maryland and in The 
Asphalt Institute Laboratory (USA).

2.1 - Material Characterization

Two lateritic soils from the Brasilia region 
were used in this research and their principal 
characteristics are summarized in Table 1.

Table 1. Sumrnry of lab test results for characterization of the tvso
soils

PARAMETER
SAMPLE

01 1 02
Particles < 4.74 mn (%) 98.90 100.00
Particles < 2.00 mn (%) 75.90 100.00
Particles < 0.42 rim (%) 69.40 98.50
Particles < 0.074 irm (%) 64.40 94.30
Silt (%) 9.60 16.40

Clay (%) 9.20 12.00

Liquid Limit (%) 54.0 47.00
Plasticity Index (%) 29.0 23.00
pH 5.6 6.30

Specific Gravity 2.72 2.74

Maximum Dry Density (g/cc)* 1.60 1.55
Optijnmr. ftoisture Content (%)* 17.20 26.60

Soaked CBR (%)* 00.00 45.00
Unsoaked CBR (%)* 93.00 48.00
Free Iron (%) 2.00 6.00

% Free Iron Oxide (feOOH) 3.10 9.60

* Modified Conpaction Energy

2.2 - CBR tests

It was necessary to study a wide range of CBR values by 
varying the water content of the two soils. A batch of 4 
Kg to 5 Kg of soil was manually mixed with a certain 
volume of water calculated for obtaining a pre-selected 
water content. The specimen was nechanically compacted 
at modified energy of conpaction and the CBR then 
determined.

2.3 - Permanent deformation tests

Triaxial cyclic tests were run with 4 in diameter 
specimens (4 in x 8 in) of the two soils
compacted at modified energy of compaction using 
the MTS (Material Testing System) equipment of 
The Asphalt Institute. A constant load rate 
level of 60 cycles/min, with 0.1 second load
duration and 0.9 second rest (dwell)period, was 
used in all tests.

Each test was run with the same static 
confining pressure and the same dynamic deviator 
stress from the begining of the test until the 
last load application.

The resilient deformation of the specimens was 
monitored by two Linear Variable Differential 
Transformers (LVDT) with 0.1" linearity and
accuracy of 0.0002 inches.

More information about these tests is presented 
by Cardoso (1987).

3. ANALYSIS OF TEST RESULTS AND RESILIENT MODULUS 
PREDICTIVE EQUATION

CBR values, state of stress and number of stress 
repetitions were correlated with the resilient 
modulus obtained in the laboratory.This task was 
accomplished by selecting results of the
permanent deformation tests from specimens molded 
as close as possible to those conditions used to 
prepare the specimens for each pre-selected CBR 
value. This selection was based on water content 
and dry density during the tests.

The resilient moduli were calculated through 
the Equation 1 : o

Mr = ---, where: (1)
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Mr = Resilient Modulus (psi) 

ad = Deviator Stress (psi) 

cr = Resilient Strain (in/in)

Multiple Stepwise Regression Analysis was
carried out for 12 CBR levels (6%, 12%, 19%, 
37%, 39%, 44%, 48%, 61%, 72%, 80%, 87%, 93%),6 
levels of confining pressure (1.0, 2.0, 3.0, 
5.0, 8.3, 15.0 psi) and 6 levels of deviator 
stress (5.0, 9.0, 15.0, 25.0, 42.2, 50.0 psi). 
Equation 2 represents the Resilient Modulus
predictive equation obtained in this analysis 
(sample size equal to 410 points). The CBR 
variable explains 77% of the total variation in 
this model. The second important variable was 
the number of stress repetitions, which
increases the explanation of the total variation 
by 8.1%. The inclusion of bulk stress (first 
invariant of stress) and the major principal
stress (oi) in this model increases 
explained variation by respectively 1.1% 
1.2%.

Mr
147.75698(CBR)1'148516(8)0'76632(N)0-°S71266

the
and

( 2 )

( O i )
0.649257

Where :

CBR= California Bearing Ratio (%)

0 = Oj+0 2 + 0 3  (first Invariant of Stress)

01 = Major Principal Stress (psi)

N = Number os Stress Repetitions

(psi)

Assuming N = 200 according to conrnon procedure 
used worldwide (Brown 1974 , Hicks 1971 , Khedr 
1985, Lotfi 1984, Rada & Witczak 1981) :

M = 
r

234.41(CBR)1'148516(9)0•7663 (3)

(ai) 0.649

Cardoso (1987) has developed, according to 
the common procedure, the model based on 
resilient tests done in the laboratory with
lateritic materials represented by Equation 4 :

Assuming R = 0.060
(9)

0.672

( O l )
0.537

and calculating

psi

40

that

this ratio for bulk stress 20 psi and 100 psi 
at 3 psi and 20 psi confining pressure, it 
generates the ratios presented in Table 2.Also, 
Table 3 shows the same ratio range obtained for 
resilient moduli calculated with equations 2 
and 4 for 60% and 80% CBR, 3 psi to 10 
range of confining pressure and 14 psi to 
psi range of bulk stress.

Analysing both tables, it can be see 
the ratios lie in the 1.07 to 1.52 range, which 
means that Equation 4 overestimates the 
resilient modulus between 10% and approximately 
50% for the conditions presented in both soils.

Some aspects have to be pointed out about the 
Mr values obtained with these two equations, 
such as :

a) The sample size used for developing 
Equation 2 (410 points) is almost three 
times the sample size used for the equation 
4 (149 points).

b) It should be recalled that the two types 
of tests were not conducted in the same 
way, in the laboratory, because :

b.l) The resilient deformation test samples 
were subjected to 200 to 300 applications of a 
10 psi deviator stress at 3 psi confining
pressure for conditioning the specimens while 
for the permanent deformation tests a confining 
pressure equivalent to the confining pressure 
used during the test was applied for 20 to 30 
minutes.

b.2) The ranges of confining pressure and 
deviator stress were not the same in both types 
of tests.

b.3) Equation 4 was based on deformations 
measured at 200 repetitions, assuming that the 
resilient strain would not vary after that 
point. Equation 2 was based on resilient 
deformations measured since the first repetition 
to about 20 000 load applications.

As can be seen, the effect of number of stress 
repetitions on the resilient modulus is an 
important issue that needs to be better
understood.

Mr = 179.041 (CBR)

(Oj)

(6)

1.186

The ratio between equations 4 and 3 is

(4)

4. CONCLUSIONS

(1) This research showed that the Resilient 
Modulus (Mr) is heavily dependent upon the CBR 
of the materials. This variable explains 77% of

R = 0.764(CBR)-°-061(e)°-672(a1)-0-537 

For different CBR values, this ratio is

,0.672
CBR = 10%

CBR = 50%

R = 0.66

0.60

or
,0-537

(°i)

,0.672
O)

( Ol )
0.537

CBR 100% 0,58 (0)
0.672

(Oi) 0.537

Table 2 - Ratio between resilient modulus 
calculated by equations obtained from 
resilient and permanent deformation 
tests

RATIO Mr(r)/Mr(ED)
BULK STRESS

CONFINING PRESSURE
(psi)

3 psi 20 psi

20 1.09 -

100 1.16 1.47
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Table 3 - Comparison of resilient modulus 
calculated by equations 4 and 3

CBR

(%)

CONF
PRESSURE

(psi)

BULK
STRESS
(psi)

Mr (r) 
(psi)

Mr (ep) 
(psi)

R

3 14 58154 50562 1.15

19 50731 46659 1.09

5 20 74550 57542 1.30
60

25 63532 52471 1.21

10 35 103080 67905 1.52

40 88800 62405 1.42

3 14 79521 70424 1.13

19 69370 64932 1.07

80 5 20 101941 80076 1.27

25 86875 73020 1.19

10 35 140954 94498 1.49

40 121426 86845 1.40

the total variation of the model developed in 
this study.

(2) The calculation of Mr values at 200-300 
stress repetitions does not reflect the reality 
because the resilient strain continues varying 
as function of the number of load applications 
after that point.

(3) The Mr predictive equation based on the 
permanent deformation tests overestimates the 
resilient modulus between 10% and approximately 
50% when compared with the Mr values calculated 
through the equation based on resilient strains 
measured at 200 repetitions. Some aspects are 
presented in the text for explaining the 
different responses of these models.

(4) Further research needs to be done for 
better understanding the influence of the 
number of stress repetitions on the Resilient 
Modulus.
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