
JOURNAL OF APPLIED SCIENCES RESEARCH 
 

ISSN: 1819-544X                                                                                                                                                            Published BY AENSI  Publication 
EISSN: 1816-157X                                                                                                                                                        http://www.aensiweb.com/JASR 

2017 January; 13(1): pages 10-16                                                                                                    Open Access Journal 

To Cite This Article: Kowstubaa Ramalingam, Khairul Anuar Mohd Nayan, Anuar Kasa, Panbarasi Govindasamy,  Ahmad Bukhari, 

16-10Pages:  );1(13. esearchRciences Spplied Aournal of J .7, 201Base Material-Determination of Resilient Modulus Model for Road 
 

Determination of Resilient Modulus 
Model for Road-Base Material 

 
Kowstubaa Ramalingam, Khairul Anuar Mohd Nayan, Anuar Kasa, Panbarasi Govindasamy,                 
Ahmad Bukhari  
 
Department of Civil and Structural Engineering, Faculty of Engineering and Built Environment,  National University of 
Malaysia, Bangi, Malaysia. 
 
Received 11 October 2016; Accepted 22 January 2017; Available online 26 January 2017 

 
Address For Correspondence: 
Kowstubaa Ramalingam.  National Universiti of Malaysia, Department of Civil and Structural Engineering, Faculty of Engineering 
and Built Environment, 43600 Bangi, Selangor. Malaysia.  

 
Copyright © 2017 by authors and American-Eurasian Network for Scientific Information (AENSI Publication). 
This work is licensed under the Creative Commons Attribution International License (CC BY). 
http://creativecommons.org/licenses/by/4.0/ 

 
 

 
ABSTRACT 
Current advancement in computers and numerical techniques has enabled increasingly realistic models of 
material behavior to be incorporated into the solutions of boundary value problems of road pavement 
analysis. This study aims to determine the resilient modulus of granular road base and subbase materials in 
the non-linear or stress dependent model. Seven constitutive equations were applied for regression 
analysis. The experimental constants ki and R2 regression coefficient were obtained by fitting the resilient 
modulus test results to the non-linear equations.  It was found that most of the models yield the best fit of 
the data. The result clearly indicates that resilient modulus of granular material is stress dependent. It is 
worth to notice that the higher number of loading sequences represent loading with higher confining 
pressure. The K-θ model has been selected to illustrate the effect of density on the performance of a 
typical road pavement. The result also demonstrates that density of the material has a significant effect on 
the resilient modulus. It was assumed that the surface course consists of asphalt layer with a unit weight 
21 kN/m3.  Road base and subbase consist of an unbound granular material with unit weight of 20 kN/m3 
and18 kN/m3 respectively. The result emphasized that the characterization of elastic granular materials 
used in road construction is best considered in terms of stiffness or resilient modulus as function of stress 
state. As was expected, through the application K-θ model, it was found that a road base with higher 
density yields a better pavement performance and a reduction of relative density may significantly reduce 
the life of the pavement. This exercise highlights the advantage of the mechanistic empirical analysis over 
the conventional empirical approach. The repeated load triaxial test used in this study is considered as 
capable of reproducing the horizontal and vertical stresses. Therefore, it is worth to consider the 
inclusion of non-linearity in road pavement mechanistic analysis and design. 
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INTRODUCTION 

 

Most of the current specification for highway works is using empirical method to design a flexible 

pavement by relatively simple index tests, for instance: the aggregate crushing value, plasticity index, CBR, 

compaction test and flakiness. These tests do not directly measure the repeated load performance of aggregates 

from resistance to deformation such as repeated load triaxial tests [1]. 

In contrast to the empirical approach of the current design method which is in practice, mechanistic elastic 

multi-layer is another method which can be applied for the pavement analysis.  The method requires that 
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pavement materials are characterized based on their mechanical response such as wheel load to an output or 

pavement response, such as stress or strain. The response values are used to predict distress from laboratory-test 

and field-performance data [2]. 

Resilient modulus is considered as suitable parameter for pavement analysis based on elastic theory. Figure 

1 shows that the stress-strain relationship for unbound granular material is given by a non-linear curve, which is 

not retracted on the removal of stresses but forms a hysteresis loop. Evaluation of a particular hysteresis loop 

produces the values for the permanent and resilient strains per load cycle [3]. The new manual considers 

granular base material as linearly elastic with modulus of about 350±100 MPa.  

 

 
Fig. 1: Stress-strain curve for granular materials [4]. 

 

Meanwhile, current advancement in computers and numerical techniques has enabled an increasingly 

realistic models of material behavior to be incorporated into the solutions of boundary value problems. Among 

the improvement is the inclusion of non-linearity for unbound granular materials.  In line with this development, 

many researchers have outlined various modelling techniques and mathematical models for predicting the 

resilient response of unbound granular materials [5]. 

 

Objectives: 

A study was carried out at the Road and Transportation Lab – Universiti Kebangsaan Malaysia. The study 

aims: (i) to identify a number of published non-linear constitutive equations of unbound granular materials and 

their fitness to characterize granular base material commonly used in road construction in Malaysia; (ii) to 

identify the effect of density on the selected constitutive equation; and (iii) to use the equation to predict the 

performance of a typical pavement structure with different levels of relative density of road-base. The result of 

the study is reported in this paper. 

 

MATERIALS AND METHODS 

 

3.1. Constitutive Models: 

Previous works have indicated that the stress-strain response of unbound pavement materials is influenced 

by the stress factors.  It is widely accepted that for granular material confining pressure and the first stress 

invariant is a dominant factor on the resilient response of while deviators stress is said to be much less 

influential [6, 7, 8]. In order to characterize an elastic stress dependent material, a suitable laboratory procedure 

is required. The test procedure should be able to apply repeated load within the elastic range. The load shall be 

varied to embrace the range of possible field stresses. Such procedure has been developed and designated as 

AASHTO T370 – 99. 

A comprehensive review of the available models was reported by [4].  Some of the published models are 

presented in the following Table 1: 

 
Table 1: Non-linear Constitutive Equation of Granular Material 

Equation No Resilient Modulus Models  
1  ²

kθ1=kRM [7] 
2 ²

k
3σ 1=kRM [6] 

3 3
k )d(σ²

kθ1=kRM [8] 
4 3

k )0(σ/θ ²
k)0(θ/θ0θ1k=RM [8] 

5 3
k )0/θoct(τ ²

k)0(θ/θ0θ1=kRM [9] 
6 ²

k)a/Poct(τ1=kRM [10] 
7 3

k )0/θoct(τ ²
k)0/θ43k-(θ0θ1=kRM [11] 

Where, 

MR = resilient modulus 
σ1 = major principle stress 

σ3 = minor principle stress 

θ = first stress invariant (sum of the principle stresses) 
θ0 = reference stress of 100 kPa 
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τoct = octahedral shear stress 

ki =  experimentally derive constants 

 

The table reveals that most of the equations embraced confining stress; although some include deviator and 

bulk stresses as well.  The suitability of these seven equations to the JKR’s base and subbase course materials was 

assessed in the experiment. 

 

3.2. Materials: 

Materials used in this study are crusher run and sand typically applied in road construction in Malaysia.  

However, due to the space constraint, only Type II aggregate road base and Types C subbase [12] were selected in 

the study.  In order to minimize the possibility of testing error, the aggregate was separated according to their size 

and then recombined as such to meet the specification just at the middle of the gradation limits. 

 

3.3. Method of Test and Analysis: 

The JKR specification required that granular base and subbase courses to be compacted to not less than 95% 

of maximum dry density as determined in the BS1377 Compaction Test (4.5 kg hammer method).  With this 

requirement in place, it was decided that three levels of density, 90, 95 and 100% of maximum density to be 

applied in the study.  All samples were prepared at optimum moisture content and no sample replications were 

made.  The compaction was conducted by controlling the mass and volume of each sample to achieve the aimed 

density.  

The test was conducted according to the AASHTO T370 –99.  The loading sequences are as shown in the 

Table 2.  Sequence “0” is conditioning stress and the rest are loading stresses. For each loading configuration, the 

load was applied for 50 cycles.  The haversine shape of loading pulse was consisting of 0.1 seconds of load 

duration followed by 0.9 seconds rest period. The average 5 last reading of the resilient modulus for each loading 

sequence is considered as to represent the modulus for that particular sequence.   

 
Table 2: Triaxial Repeated Loading Sequences 

Sequence No. (kPa) 3 (kPa) 1 

0 103.4 103.4 

1 20.7 20.7 

2 20.7 41.4 

3 20.7 62.1 

4 34.5 34.5 

5 34.5 68.9 

6 34.5 103.4 

7 68.9 68.9 

8 68.9 137.9 

9 68.9 206.8 

10 103.4 68.9 

11 103.4 103.4 

12 103.4 206.8 

13 137.9 103.4 

14 137.9 137.9 

15 137.9 275.8 

 

The resilient moduli were calculated as deviator stress divided by recoverable vertical strain for each stress 

state. Based on the triaxial test results, Nonlin, a non-linear regression analysis software was used to develop the 

seven non-linear constitutive equations. Kenlayer, a software program developed by Huang was used to analyze 

the pavement.  The program is capable to analyze a pavement comprises linear elastic, non-linear elastic and 

viscoelastic layers. However, only the elastic linear and non-linear models were considered in this study. 

 

RESULT AND DISCUSSION 

 

4.1. Constitutive Equation: 

Figure 2 shows the effect of density on the resilient modulus of base course at various stress state. Similar 

trend was occurred for the two types of subbase materials. The result clearly indicates that resilient modulus of 

granular material is stress dependent. It is worth to notice that the higher number of loading sequences represent 

loading with higher confining pressure.  This implicates that confining pressure and bulk modulus are dominant 

factors that affects the resilient modulus of granular material, i.e. the higher the confining pressure the higher the 

resilient modulus. It also demonstrates that samples of a higher density will have a higher resilient modulus. 
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Fig. 2: Resilient modulus of granular base material at three different level of densit 

 

Stress state, expressed in term of the first stress invariant θ, and resilient modulus data were processed to 

obtain the non-linear regression equation in the form of the seven constitutive models. The results are illustrated in 

Table 3.  For convenience, only the result for 100% maximum density for granular road-base is presented. It 

reveals that the experimental data can suitably fit most of the constitutive equations except for Equation 6 that 

yields a slightly low coefficient of correlation. 

 
Table 3: Constitutive models and regression analysis results of granular road base 

Eq. Constitutive model k1 k2 k3 k4 R2 

1 MR=k1θ
k
² 95 571 0.181 - - 0.99 

2 MR=k1 σ3
k
² 139 497 0.162 - - 0.94 

3 MR=k1θ
k
²(σd)

k
3 95 659 0.179 0.002 - 0.99 

4 MR=k1θ0(θ/θ0)
k

² (σ/θ0)
 k

3 2 204 0.180 0.002 - 0.99 

5 MR=k1θ0(θ/θ0)
k

² (τoct/θ0)
 k

3 2 207 0.180 0.002 - 0.99 

6 MR=k1(τoct/Pa)
k
² 304 118 0.148 0.148 - 0.75 

7 MR=k1θ0(θ-3k4/θ0)
k
² (τoct/θ0)

 k
3 382 0.759 -326 -327 0.99 

 

Nevertheless, Equation 1, which also known as the K-θ model, is probably the most widely accepted among 

practitioners: 

  
2

1

k

R kM                (1) 

 

It is perceived that in this model, the first stress invariant θ is the sum of the principle stresses which in the 

triaxial test is equal to σ1 + 2σ3. The constants k1 and k2 depend on the properties of the material, such as density, 

aggregate grading, shape and moisture. Fitness of this constitutive model is illustrated in Figure 3 which shows as 

measured against prediction resilient modulus for Type-2 granular road base material at 100% maximum dry 

density. 

Table 4 summed up the non-linear resilient modulus defined as Equation 1 of granular materials used in the 

study at three levels of relative density. 

 

 
Fig. 3: Predicted against as measured resilient modulus of granular base using Equation 1 
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Table 4: Non-linear Resilient Modulus in k-θ model 

Material Relative Density (%) k1 k2 R2 

 

Road base Type 2 

100 

95 

90 

95 571 

71 256 

20 520 

0.181 

0.184 

0.384 

0.99 

0.99 

0.99 

 
Subbase Type C 

100 
95 

90 

40 590 
41 326 

46 572 

0.376 
0.270 

0.216 

0.99 
0.99 

0.99 

 

4.2. Application of the Model in the Prediction of Road Pavement Performance: 

 

To demonstrate the application of the model, a typical three-layer pavement consists of asphalt, granular road 

base, subbase and subgrade soil was analyzed. Fatigue and permanent deformation due to standard single axle and 

dual wheel load is assessed using KENLAYER program.   

Focusing on the effect of nonlinearity of granular road base and subbase, only these layers are considered as 

non-linear in this exercise.  The program used K-θ model for non-linear mode of analysis. The remaining layers, 

including subgrade, are considered as linearly elastic. Cross section of the typical pavement under dual wheel with 

standard load of 40 kN and 500 kPa tyre pressure and elastic properties of each layer is shown in Figure 4.     

It was assumed that the surface course consists of asphalt layer with a unit weight 21 kN/m3.  Road base and 

subbase consist of an unbound granular material with unit weight of 20 kN/m3 and18 kN/m3 respectively (at 100% 

maximum dry density). The effect of the relative density was observed at the three levels of road base density 

whereas the subbase was assumed as constant at 100% relative density. 

 

 
Fig. 4: Cross-section of the typical road pavement 

 

The maximum tensile strain at the bottom of asphalt layer and maximum compressive strain on the top of 

subgrade were used for damage analysis. The allowable number of load repetitions for fatigue cracking and 

permanent deformation were calculated based on the Asphalt Institute distress transfer functions. The result of 

analysis is summarized in Table 5. 

 
Table 5: Summary of Kenlayer analysis for the typical pavement 

Road base relative 

density % 
) at the tTensile Strain (ε

bottom of asphalt 
Compressive strain at 

the top of subgrade 
Allowable of load repetition for   
Fatigue Deformation 

100 -3.091E-04 6.506E-04 1.107E+06   2.523E+05   
95 -3.725E-04 6.791E-04 5.992E+05   2.083E+05   
90 -4.301E-04 7.026E-04 3.731E+05   1.789E+05   

 

With the minimum requirement of 95% maximum dry density as specified by JKR as a reference. This 

illustration demonstrates that if the road base course fails to comply the minimum requirement for compaction (i.e. 

at 90% of maximum dry density), then allowable number of load application will reduce to 62% and 86% for 

fatigue and permanent deformation respectively.  On the other hand, if base course can achieve 100% maximum 

dry density then the allowable number may increase up to 185% for fatigue and 121% permanent deformation.  In 

this example, it is permanent deformation that determined the design life.  

This illustration demonstrates the advantage of the mechanistic empirical design over a purely empirical one in 

term of its ability to accommodate material state conditions. However, in addition to its effect on the resilient 

modulus, the lower level of density of the aggregate road base course could also affect the total plastic deformation 

because of material densification due to further compaction by repeated traffic loading. A comprehensive analysis 

should involve a laboratory repeated load permanent deformation test. 
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Conclusions And Recommendation: 

The result shows that resilient modulus of granular base material is stress dependent. The level of stress is one 

of the factors that have most significant impact on resilient modulus of unbound granular material. The level of 

stress is considered as the confining pressure and maximum stress. The resilient modulus increase slightly with 

increasing of the repeated deviator stress under constant confining pressure.  

From the experiment result, the density has significant effect on the resilient modulus. The different 

compaction levels have effect on the density. Increasing the number of compaction will increase the density and 

resilient modulus value.  

Granular materials consist of a large number of particles, normally of different sizes. The gradation of granular 

material was an important effect on the material stiffness. The resilient modulus has been increased with increasing 

maximum particle size and decreased with increasing fine increases. 

Seven models were used for regression analysis. k1, k2, k3, k4 parameters and R2 regression coefficient were 

obtained by fitting resilient modulus results to the non-linear constitutive equation. Seven non-linear constitutive 

equations have been analyzed and K-θ model is the best fit of the data. Comparisons of predicted and measured 

resilient modulus showed that the K-θ model yield good results compared to another six models proposed herein.   

The result also demonstrates that density of the material has a significant effect on the resilient modulus. The 

K-θ model has been applied in the prediction of the performance of a typical road pavement.  As was expected, a 

road base with higher density yields a better pavement performance and a reduction of relative density may 

significantly reduce the life of the pavement. This exercise highlights the advantage of the mechanistic empirical 

analysis over the conventional empirical approach. 

Typical pavement system was analyzed using KENLAYER software for non-linear elastic layer according to 

the findings and for linear elastic layer, it was analyzed according to JKR specification. The maximum tensile 

strain occurs at point 2 and the maximum compressive strain occurs at point 3. Permanent deformation is more 

critical then fatigue cracking. From the findings, it shows that 100% dry density is most suitable to design a 

pavement if compared with 95% and 90% dry density. 

Allowable number for linear elastic layer according to JKR method was compared with allowable number of 

non-linear elastic layer which is using middle limit gradation and 100% dry density. As conclusion, designing a 

pavement using non-linear elastic for base layer using unbound granular material has longer life than linear elastic 

layer according JKR method. Designing a pavement using non-linear elastic layer is more suitable and better than 

using linear elastic layer for unbound granular material at base layer. 

The repeated load triaxial test which was used in this study is considered as capable of reproducing the 

horizontal and vertical stresses although it cannot reproduce the shear reversal. In the past, due to the complexity of 

the equipment, the use of this test was limited mainly for research purposes. Nonetheless, recent development in 

control system and data acquisition technology enables the production of more reliable equipment and testing 

procedures at an affordable price.  As a result, the test is now commonly carried out in many laboratories to 

characterize soils and granular materials. Therefore, it is worth to consider the inclusion of non-linearity in road 

pavement mechanistic analysis and design. 

Currently, to study further in this research work, a few elements will be included and given importance such as 

the effect of moisture content on resilient modulus during the repeated triaxial load test. The state factors such as 

density and moisture content will be also included into the non-linear constitutive equation. Furthermore, a transfer 

function or distress model will be developed to enhance the outcome of this study. 
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