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1. Introduction 
 

An effective transport system is essential for the 

economic and social development of any country. Roads are 

one of the most popular elements of transportation system, 

(Shanbara et al. 2020, Dey et al. 2023). Flexible pavement 

is a complex structure including layers of asphalt concrete 

surface, granular base strata, and granular subgrade. The 

primary objective of roadway construction is to offer a safe 

and comfortable medium for vehicle movement. 

Performance and durability of flexible pavement depends 

on traffic load, layer thickness, material properties and 

environmental condition. Pavement design science started 

through empirical models developed by AASHTO Road 

Tests (Asphalt Institute 1982, Huang 1993). These models 

were applicable for particular set of environmental, material 

and loading conditions and used average conditions in 

design of layer thicknesses. In the past decade, Mechanistic-

Empirical (ME) design gained a substantial momentum 

because of its ability to model future pavement distresses 

through transfer functions and provide more reliable design 

(Qiang et al. 2011, Shi et al. 2020). In addition, 

Mechanistic-Empirical (ME) design tool was utilized to 

determine the significance of subgrade strength on the 

thickness of pavement structure (El-Hakim et al. 2015). ME 

method is based on mechanistic properties of pavement 

materials, axle loads and climatic conditions to calculate the 

pavement response in the form of stresses, strains and 

deformations. Mechanistic properties of pavement materials 

are determined using laboratory tests. According to  
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AASHTO T 342 specification, the mechanistic properties, 

like dynamic modulus, are determined at limited number of 

standard temperatures (AASHTO T 342 2022). This 

represents a shortfall by ignoring the expected future 

temperature increase due to global warming. Ling et al. 

(2019) studied the critical responses of airfield composite 

pavements that are composed of hot-mix asphalt (HMA) 

overlay and Portland cement concrete (PCC) pavement 

using FEM. Garcia and Thompson (2007) suggested that 

temperature may have significant nonlinear impacts on 

pavement characteristics and detrimental effect on 

pavement service life. The analysis of temperature 

susceptibility of pavement is a classical research issue that 

traditionally relied on mechanical examination of stress-

strain behavior using elastic layered system (Westergaard, 

1926 and Warren and Dieckman, 1963). As well, 

Raffaniello et al. (2022) utilized the ME design tools to 

compare the pavement distresses and rutting in two 

different climate zones in North America and at different 

traffic loads. The research concluded that rutting increases 

in hot climate especially with the increase of HMA 

thickness compared to cold climate. Yoder and Witczak 

(1975) provided constitutive relationships for the 

magnitudes and locations of various stresses and strains in 

multilayered pavement system. However, Bazlamit and 

Reza (2005) concluded that temperature had a significant 

impact on the frictional characteristics of flexible 

pavements. Mechanical Empirical (ME) methods expanded 

the procedure to incorporate actual field conditions in 

pavement design process to facilitate micro-level design 

refinement. The ME design method leads to significant 

enhancements in pavement performance prediction and 

could be utilized to increase the durability of pavement 

sections. Deng et al. (2020) developed a model to evaluate 

the shear strength of unsaturated soil under nonlinear  
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strength theory. Ranadive and Tapse (2013) explored the 

applicability finite element approach to investigate 

behavioral aspects of flexible pavement. Luo et al. (2021) 

studied the viscoelastic behavior of the asphalt mixture, as 

well as mechanical reinforcement using geosynthetics in 

flexible pavements. Chiasson et al. (2008) and Deifenderfer 

et al. (2006) analyzed temperature profile and thermal stress 

in pavement structure. Alnujaie et al. (2021a,b) and Bashiri  

et al. (2021) studied the forced vibration of a functionally 

graded porous beam resting on viscoelastic foundation. 

Assie et al. (2022) studied dynamic response of porous 

functionally graded layered deep beams with viscoelastic 

core. Mahmoodzadeh et al. (2022) used Gaussian process 

regression in prediction of duration and construction cost of 

road tunnels. Vaziri et al. (2022) presented 2D numerical 

study of the mechanical behavior of non-persistent jointed 

rock masses under uniaxial and biaxial compression tests. 

Chinnapandi et al. (2022) examined the vibro-acoustics 

response of functionally graded porous beams subjected to 

thermo-mechanical loads. Zadehmohamad et al. (2022) 

evaluated long-term benefits of geosynthetics in flexible 

pavements built over weak subgrades by FE and 

Mechanistic-Empirical analyses. Esen et al. (2022) studied 

the free vibration and buckling stability of FG nanobeams 

exposed to magnetic and thermal fields. Banerji et al. 

(2023) studied the effect of wheel load and temperature on 

rutting damage of composite flexible pavement using FEM. 

Research work can be extended to assess the effects of 

climate change induced temperature increase on the service 

life of pavement structure. Wahhab and Balghunain (1994) 

identified the vulnerability of asphalt pavement in arid 

Saudi environment. Considering high temperature and its 

expected rise due to climate change, further investigation is 

required.  

This paper focused on the impact of temperature 

variation on stress and strain at different pavement layers 

and associated service life using finite element technique.  

The research methodology utilized the constitutive 

model to account for temperature impact on elastic  

 

 

properties of constituent materials. It also examined the 

impact of using carbon waste to improve pavement 

structural performance to withstand temperature-related 

distresses. The paper is organized as follows: section 2 

presents the geographic pattern of temperature and its trend 

in Saudi Arabia and the methodology of Finite Element 

analysis applied in the paper. Section 3 presents the analysis 

and results of the research work which is followed by 

discussion of the results in Section 4. The major findings 

and conclusions of the study are summarized in Section 5. 

 

 

2. Temperature zones and trends in Saudi Arabia 
 

The current monthly maximum temperature in Saudi 

Arabia exceeds 40℃ in most of the country. Fig. 1 presents 

the regional variations of monthly maximum air 

temperature in the Saudi Arabia. 

Due to the effects of global warming induced by climate 

change the mean and maximum temperature in the country 

are expected to increase. Various models of climate forecast 

reveal that the temperatures are expected to increase by 

about 4℃ in the central region by the end of 21st century 

and the extent of increase may vary among regions. As 

shown in Fig. 2, Central and Northern regions are expected 

to experience the highest increase in air temperature. 

 

 
3. Finite element analysis 

 

A two-dimensional finite element model was used to 

analyze a typical pavement section used in Saudi Arabia on 

Highway assuming plane strain condition. The pavement 

cross-section included 100-, 150- and 200-mm surface 

layers (Asphalt Concrete), 300 mm Base layer (Bituminous 

Macadam) and 600 mm Subbase layer (compacted sand), 

and subgrade as presented in Fig. 3. Flexible pavement is 

modeled as multilayer system subjected to static loading. 

Although there are several computer programs available for  

 

Fig. 1 Monthly Maximum Temperature in Different Regions of Saudi Arabia. Krishna (2014) 
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analyzing multi-layer pavement system including ELSYM5 

(Alhborn 1972), EverStress (Sivaneswaran et al. 2001), 

DAMA (Huang and Witczack 1981, Witczack 1972) etc., 

most of them are based on aggregate material properties. 

Yavuzturk et al. (2005) explored the potential application of 

finite-difference approach to assess temperature fluctuation 

effects on asphalt pavement. To deal with microscopic 

parameters, the system modeled in this study used 

ABAQUS finite element software with varying properties 

and thickness of different layers (Smith 2009). Using the 

software, horizontal tensile stress at the bottom of asphalt  
concrete layer and compressive strain at the top of the 
subgrade were calculated under different conditions. 
Allowable load repetitions until fatigue and permanent  

 

 

 
 

deformation failure were calculated using formulas 

presented in equations 1 to 6 (Heukelom and Klomp 1962, 

Asphalt Institute 1982). A uniform pressure of 0.575 MPa 

was applied on a circular contact area having a radius of 

150 mm which is equivalent to 40kN single wheel load 

(Ranadive and Tapase 2016). Shen et al. (2022) presented 

dynamic elastic analysis of flexible pavements under 

moving Vehicles using a semi-analytical finite element 

treatment. 

 

3.1 Finite element model parameters 
 
Two-dimensional axisymmetric model is developed to 

simulate loading condition as shown in Fig. 4 below. 8-node  

 

Fig. 2 Forecasted Increase in Air Temperature in Saudi Arabia, Odnoletkova and Patzek (2021) 

 

Fig. 3 Multilayered pavement system showing static loading and stresses 

Table 1 Material Properties in Standard Laboratory Temperature 

Material Surface (AC) Base (BL) Sub-Base (SB) Subgrade (SG) 

Thickness (mm) 100, 150 and-200 300 600 1000 

Dry Unit Weight (kN/m3) 22.5 22 15 14 

Elastic Modulus (MPa)* 4000 800 300 50 

Poisson’s Ratio 0.35 0.40 0.45 0.45 

* Base condition 
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quadrangular element is considered in meshing. Boundary 

condition of the finite element model is imposed 

considering sufficient horizontal and vertical extent in order 

to minimize boundary effect. Multilayered pavement model 

set the boundary at 1.25 m away from the edge of the load. 

Depth of the FE model is set at 1.5 m from the loading 

surface. Fixed support is considered at the bottom and right 

edges where no vertical and horizontal movements are 

allowed. Material properties considered in the model are 

summarized in Table 1 below. Material properties are 

determined from laboratory experiments. 

 
3.2 Analysis of pavement life 
 

The life of Pavement is determined by the allowable 

number of load repetitions due to fatigue and rutting failure 

of pavement structure. The fatigue failure results in the 

development of alligator cracks due to excessive tensile 

strain at the bottom of asphalt layers. Conversely, the 

rutting failure results in a permanent deformation of the 

pavement layer due to excessive compressive strain at the 

top of subgrade layer. Finite element analysis using elastic 

theory can be applied to compute limiting strains in the 

asphalt bound layer (fatigue analysis) and permanent 

deformation (rutting) in the subgrade. 

In the case of fatigue failure, Heukelom and Klomp 

(1962) developed a relationship between the number of load 

repetitions to failure and horizontal tensile strain in asphalt 

concrete as follows 

𝑁𝑓 = 10−𝑋 (1) 

𝑋 = 5𝑙𝑜𝑔10𝜀𝑡 + 2.665𝑙𝑜𝑔10 (
𝐸𝐴

14.22
) + 0.392  (2) 

Where Nf is the number of load repetition till failure, et 

is the horizontal tensile strain at the bottom of asphalt layer 

and EA is the modulus of elasticity of asphalt concrete.  

According to Asphalt Institute (1982) the relationship 

between number of load repetitions and elastic properties of 

asphalt concrete for fatigue failure is given as follows 

𝑁𝑓 = 0.0796 (𝜖𝑡)−3.291(𝐸𝐴)−0.854  (3) 

 

 

Rutting failure in pavement structure results from 

deflection of pavement due to settlement and permanent 

shear failure. For rutting failure, Heukelom and Klomp 

(1962) suggested relationship between the number of load 

repetitions to failure and vertical compressive strain in 

asphalt concrete as follows 

𝑁𝑟 = 10−𝑋  (4) 

𝑋 = {2.408 + 𝑙𝑜𝑔10(𝜀𝐶)}/0.1408  (5) 

Where Nf is the number of load repetition till failure and 

𝜀𝐶  is the vertical compressive strain at top of subgrade 

layer. 

According to Asphalt Institute (1982) the relationship 

between number of load repetitions and elastic properties of 

asphalt concrete for fatigue failure is given as follows 

𝑁𝑓 = 1.365 𝑋 10−9(𝜖𝐶)−4.477 (6) 

In this study we analyzed strain at corresponding layers 

using finite element model and then estimated number of 

load repetition using Asphalt Institute method. 

 
3.3 Application of finite element method for pavement 

lfe assessment 
 
Finite element method is applied to assess the strains at 

the desired locations for varying characteristics of pavement 

materials and layer thicknesses. Material properties and 

layer thicknesses used in the analysis are summarized in 

Table 1. To study the effects of varying material properties 

on rutting and fatigue life, different types of materials are 

examined with varying elasticity for each layer. Base 

elasticity of asphalt concrete, granular base and subbase 

layer varied from 1000 to 3000 MPa, 400 to 1000 MPa, and 

50 to 200 MPa respectively. Poison’s ratio was assumed to 

be 0.35 for all layers. The modulus of subgrade was 

assumed as 10 MPa. To analyze the effects of varying layer 

thickness, asphalt concrete (h1) and base layer (h2) were 

examined for three trial thicknesses for each layer. 

The loading condition was simulated assuming a 

uniform pressure of 0.575 MPa caused by single axle load  

 

Fig. 4 FEM Model of Pavement Layers and Loads in Abaqus 
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of 40.80 kN applied on a circular contact area with radius of 

150 mm as shown in Fig. 1 (Sinha et al. 2014). 

The effect of temperature on pavement service life was 

analyzed through its impact on layer elastic properties. 

Thompson et al. (1987) observed that asphalt concrete 

moduli is temperature dependent and proposed the 

following model to correlate air temperature with asphalt 

layer temperature at different depths using heat transfer 

model. 

𝑇𝐴𝐶 = (0.02𝑍 + 55.9) + (2.214 − 0.00121𝑍)𝑀𝑀𝐴𝑇 (7) 

Where, TAC is asphalt layer temperature (oC), Z is 

layerdepth (mm) and MMAT is mean air temperature (oC).  

 

 

 

Lee et al. (2016) concluded that the impact of 

temperature on strains and elastic modulus of asphalt layers 

is nonlinear. The authors found that strain decrease 

exponentially with the increase of asphalt concrete stiffness. 

Garcia and Thompson (2007) also observed significant 

impact of temperature on asphalt moduli. Lukanen et al. 

(2000) and Marshall et al. (2001) suggested the use of 

adjustment factors in the design process to deal with the 

effects of temperature on flexible pavement structure. 

Nazarian and Alvardo (2006) analyzed the effects of 

temperature gradient on modulus of asphalt concrete layers. 

Asadi et al. (2013) observed that flexural modulus is 

affected by both temperature and strain levels. The authors  

 

Fig. 5 Effect of Temperature Increase on Number of Load Repetitions (Fatigue) 

 

Fig. 6 Effect of Temperature Increase Number of Load Repetitions (Rutting) 
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revealed that temperature significantly affects the initial 

flexural modulus at all strain levels and the modulus is 

inversely proportional to temperature. 

All these studies clearly demonstrate that asphalt 

concrete elasticity critically relies on temperature. In this 

study the effects of temperature on critical stress and 

strainof pavement layers is considered through modified 

elasticity of asphalt concrete. A constitutive model is 

developed for this purpose correlating nonlinear 

relationship between mean air temperature and elasticity of 

asphalt layers. FEM model of pavement layer is executed 

with different air temperatures and layer thicknesses in 

accordance with temperature patterns and expected future 

variability in Saudi Arabia. 

 

 

4. Analysis of results 
 

Firstly, a preliminary analysis was conducted to verify 

the accuracy and performance of FEM model. Initially all 

the layers were assigned the same elastic properties and the 

results obtained from FEM model were compared to the 

deformations calculated using Boussinesq equation 

(Burmister 1945, Huang 2008).  Results obtained from the 

FEM and the Boussinesq equations were congruent. In the 

second stage of verification, a multilayered system, with the 

base values of material properties for all the layers, was  

 

 

 
analyzed using Everstress package through a 
conventionalframework without considering temperature 
effect and the results were compared to the corresponding 
model in ABAQUS. In this case also the results agreed 
satisfactorily. 

The FEM is then applied to analyze fatigue and rutting 
life of multilayered pavement structure for which a sample 
deformed shape is presented in Fig. 7. As shown in Figs. 8 
and 9, both fatigue and rutting life of flexible pavement 
declined significantly due to increase in temperature. The 
effect is highly prominent at higher thickness of asphalt 
later. For asphalt layer thickness of 200 mm, fatigue and 
rutting life decreased by 25% and 50% for increase in 
temperature from 30oC to 55oC respectively. 

In the following stage of the research, the FEM model 
was applied to analyze expected reduction of pavement 
service life in different regions of Saudi Arabia due to the 
impact of temperature increase induced by climate change. 
Based on FE analysis, the reduction of fatigue and rutting 
service life is presented in Figs. 5 and 6 respectively. As 
mentioned earlier in Fig. 2, by 2080 temperature is expected 
to increase by about 4oC in the Central and Northern 
regions of the country and for the other regions it is 
expected to rise by about 3oC. Combining baseline 
temperature pattern in different parts of Saudi Arabia with 
the expected temperature increase in corresponding regions, 
expected reduction in fatigue service life is estimated and 
summarized in Fig. 7. 

 

Fig. 7 Expected Reduction in Pavement Service Life Due to Climate Change Induced Temperature Increase (in Percent) 

Table 3 Variation of Resilient Modulus with Carbon Waste and Temperature 

Temperature, Deg. C 
Increase in Resilient Modulus, MPa Expected Increase in Pavement Service Life 

Carbon Waste (1%) Carbon Waste (2%) Carbon Waste (1%) Carbon Waste (2%) 

30 1249 1549 12.7 16.2 

40 1073 1342 11.3 14.5 

50 809 1195 9.7 11.9 

60 678 912 6.2 9.2 
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5. Conclusions 
 

The current study analyzes the effect of temperature on 

pavement fatigue and rutting. A finite element model was 

developed for this purpose using Abaqus. The developed 

model concluded that.  

 fatigue and rutting life of asphalt pavement decline 

with increase of pavement temperature. The reduction 

in pavement life is more prominent in thick pavement 

layers.  

 For 200 mm asphalt concrete surface layer, if the 

temperature increased from 30oC to 50oC, allowable 

fatigue and rutting load repetitions reduce by 20% and 

40% respectively.  

 The rate of change in service life declines with the 

increase of temperature. The author recommended the 

utilization of carbon waste to alleviate the detrimental 

effects of increasing temperature on flexible pavement.  

 The service life of Carbon waste modified asphalt 

mixture increased by about 30% in both fatigue and 

rutting through adding 2% carbon waste in asphalt 

mixes. Results outline that temperature is a major 

concern in pavement service life and performance. 

 The impact of future increase in temperature (global 

warming) should be considered in current design 

practices. Moreover, appropriate type of mixture 

modification could reduce temperature susceptibility of 

asphalt mixtures.  

 Carbon waste possesses a potential material that could 

be utilized to reduce the impact of global warming on 

service life of asphalt mixtures. The research work will 

be extended in future to incorporate dynamic loading 

scenarios and temperature variation effects. 
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