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Abstract. Accurate simulation of the response of sealed and unsealed roads to 
moving wheel loads is essential for improving the current understanding of their 
behaviour. A proper evaluation of the stress distribution within different pave-
ment layers under moving loads is essential for their appropriate design. This 
article presents the findings of three-dimensional (3D) finite element (FE) anal-
yses carried out on sealed and unsealed roads, taking into account the effects of 
moving wheel loads. A parametric study is conducted to investigate the influ-
ence of variables, such as the elastic modulus of pavement layers, on the per-
formance of both sealed and unsealed roads. The results reveal that the peak 
values of vertical stress at the subgrade top under moving wheel load are more 
sensitive to the base modulus for the unsealed road than the sealed roads, which 
is due to the structural difference between the two road types. The results pre-
dicted using FE models are also compared with those from the approach com-
monly used by practising engineers. The findings from this study demonstrate 
the capability of 3D FE method in evaluating critical responses of sealed and 
unsealed roads under moving wheel loads, which are crucial for optimising 
their design. 
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1 Introduction 

The flexible pavements are intricately complex systems whose performance depends 
on factors such as material properties, environmental conditions, vehicular loads and 
construction methods [1]. The accurate evaluation of the response of these pavements 
subjected to moving vehicular loading is crucial for their proper design. Consequent-
ly, there have been several attempts in the past to monitor their performance in the 
field [e.g., 2, 3-6] and testing facilities [e.g., 7, 8, 9]. Apart from these investigations, 
numerical simulation is emerging as a viable option for assessing and analysing the 
geotechnical characteristics of flexible pavements, contributing to their effective de-
sign. 

Several researchers have employed the two-dimensional (2D) finite element (FE) 
method to evaluate the performance of sealed roads under vehicular loading [e.g., 10, 
11]. Although the 2D FE method is simple, requires low computational effort and 
relatively less time than the three-dimensional (3D) FE method, it is unable to simu-
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late the 3D loading due to moving vehicles. Therefore, 3D finite element models of 
flexible pavements have been developed recently for evaluating their mechanical 
behaviour [e.g., 12, 13-17]. The moving vehicular loading in the past studies was 
primarily simulated using equivalent approaches, which include the application of 
time-varying stress pulses on rectangular loading area [12, 15] or shifting of tyre load-
ing imprint over the loaded area (also termed quasi-static approach) [13, 14]. Howev-
er, investigations involving the simulation of actual wheel translation and tyre-
pavement contact behaviour are relatively scarce. In addition, most of these analyses 
dealt with the performance of the sealed roads, and studies focusing on the response 
of unsealed roads under moving vehicular loading are limited. 

This study investigates the critical response of sealed and unsealed roads under 
moving wheel loads using 3D FE analyses. Moving vehicular loading is applied by 
translating rectangular plates while simulating the interaction between tyre and pave-
ment. The accuracy of the results is verified by comparing the predictions with those 
computed using the software CIRCLY [18]. A parametric analysis is conducted to 
evaluate the sensitivity of critical pavement response to variations in the elastic modu-
lus of the base, subbase, and subgrade layers. 

2 Model development 

Fig. 1 shows the 3D models of sealed and unsealed roads developed using the FE 
software ABAQUS [19]. The sealed road comprises 150 mm thick base and subbase 
courses overlying a 3,000 mm thick subgrade. It must be noted that the base layer 
(130 mm thick) and sprayed seal layer (20 mm thick) are represented in the FE model 
as one layer with a combined thickness of 150 mm. This is because a thin sprayed seal 
is used to minimise moisture ingress and has a negligible contribution to the load-
carrying capacity of the road [20]. The unsealed road comprises a 150 mm thick base 
course overlying a 3,000 mm thick subgrade. The length of the model along both the 
longitudinal (y) and transverse (x) directions is taken as 10 m to avoid boundary ef-
fects. A single axle dual tyre assembly has been considered, which applies a vertical 
load of 80 kN on the top of the pavement. The moving load has been simulated by 
translating rectangular plates (each representing tyre-pavement contact) on the top of 
the pavement along the y direction. The dimensions of the plates are selected such that 
the tyre-pavement contact pressure is 750 kPa (see Fig. 1 and [21]). The tyre-
pavement interface behaviour is simulated using the Coulomb friction model availa-
ble in ABAQUS [19]. 

Only one-half of the pavement is modelled owing to the symmetry. Standard 
boundary conditions are applied to the model, i.e., the nodes along the bottom bound-
ary are fixed (i.e., restricted movement along vertical, lateral, and longitudinal direc-
tions), while the nodes along the side boundaries are normally supported (i.e., their 
movement is restricted only in horizontal direction, and they are free to move along 
vertical direction). Both the models are discretised using 8-noded 3D brick elements 
(C3D8R), and the entire assembly comprises 334,032 and 369,756 elements for un-
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sealed and sealed roads, respectively. The number of elements is decided based on the 
findings of the mesh sensitivity analysis. 

  
Fig. 1. 3D FE models of sealed and unsealed roads. 

Table 1 lists the material properties used in the numerical simulations. These val-
ues are selected based on the published literature and engineering judgement. The 
base, subbase and subgrade layers are considered linear-elastic materials. 

Table 1. Material properties used in the numerical simulations. 

Property Sealed road  Unsealed road Subgrade 
Base Subbase Base 

Density, ρ (kg/m3) 2,245 2,190 2,190 2,160 
Elastic modulus, E (MPa) 200† – 500† 150† – 400† 150† – 400† 10# – 140 
Poisson’s ratio, ν 0.35† 0.35† 0.35† 0.4 
Note: Values sourced from: †[22]; #[23]. 

3 Validation of 3D finite element model 

The results predicted from the FE analyses are compared to those computed using the 
multilayer elastic theory-based software CIRCLY [18], which is routinely used by 
pavement engineers in Australia. It is worth mentioning that CIRCLY assumes a cir-
cular contact area between tyre and pavement. In contrast, a rectangular tyre-
pavement contact area is adopted in ABAQUS. Fig. 2 and Fig. 3 depict the variation 
of vertical stress with depth predicted using ABAQUS and CIRCLY for unsealed and 
sealed roads, respectively. It is apparent that the stresses predicted using ABAQUS 
are in close agreement with those computed using CIRCLY for both type of roads, 
thus verifying the accuracy of the results from the FE analysis. Slight deviations in the 
results may be attributed to different tyre-pavement contact shapes considered in the 
two methods. 
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4 Results and discussion 

A parametric investigation is conducted to understand the behaviour of sealed and 
unsealed roads when the elastic modulus of the pavement layers (base, subbase, and 
subgrade) is varied. The range of parameters used in the simulation is provided in 
Table 1. The nominal values of the elastic modulus for the base and subbase layers 
for the sealed road are 200 MPa and 150 MPa, respectively. The nominal values for 
the base layer of the unsealed road and subgrade are considered 150 MPa and 140 
MPa, respectively. 

  
Fig. 2. Variation of vertical stress with depth predicted using ABAQUS and CIRCLY for un-
sealed road. 

 

Fig. 3. Variation of vertical stress with depth predicted using ABAQUS and CIRCLY for 
sealed road. 
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Fig. 4 shows the variation of peak vertical stress (σzz) at the subgrade top with the 
base modulus (Eb) at different subgrade modulus (Eg) values for the unsealed road. It 
is apparent from the figure that σzz decreases with an increase in Eb. This reduction is 
attributed to the higher stress-spreading ability of stiffer base layer. It can also be 
observed that σzz increases with an increase in Eg. For instance, σzz at Eb = 150 MPa 
increases by 127% as Eg increases from 10 MPa to 140 MPa. Thus, the results 
demonstrate the importance of providing a stiffer base layer for reducing the stresses 
at the subgrade top for the unsealed roads. 

 
Fig. 4. Variation of peak vertical stress at the subgrade top with base modulus for unsealed 
road. 

Fig. 5 shows the variation of σzz at the subgrade top with Eb at different subbase 
modulus (Es) values for the sealed road. It is apparent that σzz at the subgrade top de-
creases with an increase in Eb and Es. This reduction is reasonable since the stiffer 
(i.e., with higher elastic modulus values) base and subbase layers have a greater 
stress-spreading ability. 

 
Fig. 5. Variation of peak vertical stress at subgrade top with base modulus for sealed road. 
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A sensitivity analysis is also performed to determine the effects of change in Eb 
(and Es) on σzz at the subgrade top for both unsealed and sealed roads. The level of 
sensitivity (s) is computed as the ratio of the percentage change in σzz to the percent-
age change in Eb or Es.  

Fig. 6 illustrates the results of the sensitivity analysis, which reveals that σzz is more 
sensitive to the changes in Eb (s ranging between 0.09 and 0.13) as compared to Es (s 
ranging between 0.06 and 0.09) for the sealed roads. It is also evident from the figure 
that σzz at the subgrade top for the unsealed road (s ranging between 0.13 to 0.18) is 
more sensitive to Eb as compared to the sealed road. This is due to the difference in 
the pavement structure, as the sealed road includes 150 mm thick base and subbase 
layers; however, the unsealed road consists of only a 150 mm thick base layer, above 
the subgrade. 

 
Fig. 6. Results of sensitivity analysis. 

5 Conclusions 

This paper presents the results of the FE analyses on unsealed and sealed roads to 
evaluate their response under moving loads. The results revealed that the peak vertical 
stress at the subgrade top decreases with an increase in base modulus for both sealed 
and unsealed roads. The peak values of vertical stress at the subgrade top under mov-
ing wheel load are found to be more sensitive to the base modulus in the case of the 
unsealed road than the sealed road. This is attributed to the structural difference in 
these roads, as the sealed road comprised 150 mm thick base and subbase layers, 
whereas the unsealed road comprised only a 150 mm thick base layer, above the sub-
grade. In addition, the subgrade stress for the sealed roads is more sensitive to chang-
es in the base modulus than that of the subbase modulus. These findings demonstrate 
the effectiveness of the 3D FE method in assessing the critical responses of both 
sealed and unsealed roads under moving loads, which are vital for their design opti-
misation. 
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