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ABSTRACT 

In the mechanistic pavement design, it is common practice that the coarse and fine grained 

materials are modelled as linear elastic materials. The main reason for this is to use a simple 

set of parameters to represent each layer which in this case are the elastic modulus and 

Poisson ratio. However, it is well known that the unbound coarse granular materials and the 

fine grained subgrade materials behave nonlinearly under the traffic loading. 

 

The Australian mechanistic empirical design method (AUSTROADS) uses a simplified 

approach to account for the nonlinear behaviour of the unbound coarse and fine grained 

materials. In this paper the Austroads quasi-linear analysis is compared with the exact 

nonlinear analysis to examine the validity of this approach. The Austroads quasi-linear 

analysis provided better solutions than the linear elastic analysis without sublayering, 

however, it needs some adjustment to provide better match with the exact nonlinear analysis 

solution. 
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INTRODUCTION 

The unbound granular layers of the pavement undergo compaction during the construction of 

pavements and subsequent repeated loading of traffic during early stages of its life. This 

causes the unbound layers to shake down to a resilient (elastic) state which has been 

mimicked in laboratory by triaxial testing, (1). 

 

Although the responses have been found elastic, the behaviour has been observed 

nonlinear due to stress dependent moduli and Poisson’s ratio (2). Various factors contribute 

for this nonlinearity in the responses (3) 

 

The nonlinearity can simply be said to arise when the magnitude of response produced for the 

applied excitation fail to be proportional to the excitation. This nonlinear behaviour can be 

due to geometric if the body undergoes large deformations or due to the constitutive 

behaviour of the material within the body or occurs as a mixture of both geometric and 

material nonlinearities. 

 

During the service life of pavements, one of the major factors causing nonlinear behaviour is 

the state of stress. As the level of loading on the pavement changes, the parameters such as 

resilient modulus which define the physical characteristics of the material changes.  

 

Nonlinearity of unbound materials has been addressed by forming an appropriate constitutive 

relationship for the desired material; that is obtaining an expression for resilient (or elastic) 

modulus in terms of the stress or strain state of the material under loading coupled with 

physical properties of the material. Various models have been proposed in the literature to 

represent the resilient modulus of the unbound material under loading and at different 

environmental conditions. Changes in environmental conditions have been the most difficult 

variables to be incorporated in a model; seasonal frost conditions have significant effect on 

the resilient properties of the material (4). 

 

The following are list of models proposed in the literature to characterize resilient modulus of 

unbound materials under loading. 

 

k-theta model 

The most commonly used nonlinear elastic model characterizing the behaviour of unbound 

material is k-theta model (5). The resilient 

modulus is given by: 
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Where, 

Mr = resilient (Elastic) Modulus;  

k1, k2 = material parameters (constants); 

θ = bulk stress, 

Pa= atmospheric pressure 

 

Deviator stress model 

While the k-theta model is applicable for stress hardening of the material, characterizing the 

softening behaviour of fine-grained soil may be given by the deviator stress model. 
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Where, 

k3, k4 = material parameters (constants); 

σd = deviator stress. 

 

Although the k-theta model is simple and has been used in number of applications, 

the model can only represent very limited range of stress paths and it fails to address the 

importance of shear stress which has been found very to be very important in determination of 

permanent deformation of the material (6). 

 

Octahedral universal model 

Uzan (7) proposed a universal soil model based on stress invariant approach and introduced 

octahedral shear component into the k-theta model and subsequently normalised the stress 

components by atmospheric pressure to make those quantities dimensionless as in Equation 3. 
32
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Where,  k1, k2, k3 are material parameters; 

θ= first stress invariant also it is called the bulk stress; 

τoct = octahedral shear stress;  

Pa = atmospheric pressure. 

 

In the mechanistic pavement design, it is common practice that the coarse and fine grained 

materials are modelled as linear elastic materials. The main reason for this is to use a simple 

set of parameters to represent each layer which in this case are the elastic modulus and 

Poisson ratio. Another reason is the availability of multilayer linear elastic models that serve 

as the engine of the mechanistic empirical design. However, it is well known that the unbound 

coarse granular materials and the fine grained subgrade materials behave nonlinearly under 

the traffic loading. In this paper the Austroads quasi-linear analysis will be compared with the 

exact nonlinear analysis to examine the validity of this approach. The triaxial data of the 

unbound materials will be analysed and the constitutive nonlinear coefficients will be 

determined. 

 

AUSTROADS SUBLAYERING APPOARCH 

The Australian mechanistic empirical design method (AUSTROADS) uses a simplified 

approach to account for the nonlinear behaviour of the unbound coarse granular and fine 

grained materials. In this approach, the unbound material is divided into five sublayers and 

the modulus for the base course is reduced incrementally by a factor (R) that depends on the 

modulus of the top layer of the base and the modulus of the subgrade. The reduction of the 

modulus is intended to correspond to the reduction of the stresses deeper in the pavement and 

therefore simulating the stress hardening of these materials. The reduction factor R is 

calculated as shown in Equation 4. 
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For example, if the top modulus of the base shown in Figure 1 is 400 MPa and the top 

modulus of the subgrade is 50 MPa and the thickness of the base course is 400 mm, the 

Austroads design method will divide the 400 mm base into 5 sublayers each 80 mm thickness 

and the modulus reduction factor is calculated according to Equation 4. In this case R=1.516, 

therefore the modulus of second sublayer equals the top modulus of the base (400 MPa) 

divided by 1.516 which equals 263.9 MPa and the modulus for the third sublayer equals the 

modulus of the second sublayer divided by 1.516 which is 174.1 MPa and so on until the fifth 

sublayer. 

 

After carrying out the sublayering, the linear elastic analysis is applied on the pavement 

section to determine the pavement responses to the axle loads. 

 

Base course 400 mm

E=400 MPa

E=50 MPa

Subgrade

E=263.9 MPa

E=174.1 MPa

E=75.8 MPa

E=114.8 MPa

Ptyre=20 kN

q=750 kPa

1800 mm

E=3000 MPa, =0.35, Vb=11%

Ptyre=20 kN

q=750 kPa

330 mm

 
Figure 1  Austroads Sublayering Approach 

 

BASE COURSE MATERIALS 

The repeated triaxial test was carried out on thee different types of base course materials, A, B 

and C. Figure 2 shows the relationship between the normalised bulk stress (θ/Pa) and the 

measured resilient modulus for the base course materials, A, B, and C. The regression 

analysis was used to determine the k1 and k2 coefficients for the k-theta model. 

 

For material A, k1= 108.851 and k2= 0.7225. Figure 3 shows the goodness of fit of the 

suggested k-theta model for material A. Since the relationship between the measured and 

predicted resilient modulus are clustering on the 45
o
 straight line, this indicates a perfect fit of 

the model. A similar analysis has been done on materials B and C. Table 1 shows the k1 and 

k2 for the three different materials.  
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Figure 2  Relationship between resilient modulus and normalised bulk stress for different 

materials. 
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Figure 3  Relationship between predicted and measured resilient modulus for base course 

material A 

 

Table1  The k-Theta model coefficients for the different base materials 

Base Material k1 k2 

A 108.851 0.7225 

B 110.384 0.6443 

C 105.196 0.6535 
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PAVEMENT RESPONSE ANALYSIS 

In this analysis a two-layer pavement was analysed under the standard axle load (80kN) as 

shown Figure 1. Three different scenarios were analyzed. In the first scenario, a base course 

with 400 mm thickness of material A was used with a subgrade of resilient modulus 103 MPa 

and Poison ratio 0.45. For the other two scenarios materials B and C were used as the based 

course materials. For each scenario, the pavement responses were determined using three 

different types of analyses, linear elastic with no sublayering, exact nonlinear elastic and 

linear elastic with sublayering (Austroads).  The vertical stresses, strains and bulk stresses 

were determined at different depths under the centre of one wheel and between the dual tyres 

for the three scenarios using the three different analyses.  

 

Everstress multilayer elastic software was used for the linear with no sublayering and the 

exact nonlinear analysis (8). Circly software was used to carry out the linear elastic analysis 

on the sublayered system (9). Circly is provided with the subroutines that can carry out 

automatically the sublayering and assign the resilient modulus for each sublayer as explained 

before. 

 

For the linear elastic analysis, an average resilient modulus based on the triaxial data was 

assigned to the unbound base course. The subgrade was assumed to be linear elastic in all the 

three analyses.  

 

Figure 4 shows variation of the resilient modulus for the three analyses for first scenario. The 

linear elastic analysis assumes a constant modulus for the entire depth of the unbound 

material; however, the exact nonlinear and sublayering analyses vary the resilient modulus 

with depth. The Austroads sublayering system for the three scenarios provided the same 

resilient modulus as the exact nonlinear analysis at the mid depth of the unbound material as 

shown in Figure 4. Austroads sublayering approach underestimates the resilient moduli in the 

top half of the unbound material and overestimates the resilient moduli in the bottom half of 

the unbound base layer as shown in Figure 4.  

 

Figure 4 represents the results for the first scenario, however, the other two scenarios 

provided similar trends but the results are not shown here in this paper because of the paper 

size limitation. 

 

The Austroads sublayering approach provided better solution compared to the linear elastic 

without sublayering, however, it does not provide identical match with the exact nonlinear 

analysis. In this analysis all materials are assumed to be isotropic. In Austroads design, cross 

anisotropic properties for the unbound base and subgrade are assumed with anisotropy ratio of 

2 (Anisotropy ratio =
H

V

E

E
, EV is the vertical resilient modulus and EH is the horizontal 

resilient modulus).  
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Figure 4  Comparison between the resilient moduli of the three analyses 
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Figure 5  The vertical strain distribution with depth for the three analyses for the first 

scenario 

 

Figure 5 shows the vertical strain distribution with depth for the three analyses for first 

scenario. It is obvious that the sublayering system provided slightly better solution than the 

linear elastic analysis without sublayering, however, it is still underestimating the vertical 

strains compared to the exact nonlinear analysis. The analyses of the other two scenarios 

provided the same results but they are not shown here because the size limitation of the paper.  

 

CONCLUSIONS 

The comparison between the linear elastic solution without sublayering, linear elastic with 

sublayering using Austroads approach and the exact nonlinear analysis showed that the 

sublayering analysis provided better solutions than that without sublayering which are closer 

to the exact nonlinear analysis. The use of simplified Austroads sublayering analysis with 

some minor adjustment such as using different degrees of anisotropy or using different 

function to change the modulus over the pavement depth can provide accurate solutions 
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which will make these kind of analysis more appealing to practitioners because it needs few 

input parameters and simple multilayer elastic software to carry out the design and analysis of 

pavement structure. 
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