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Abstract. In order to investigate the influence of modulus of the base layer 
on the strain distribution for asphalt pavement, the modulus ratio of the base 
layer and the AC layer (Rm) is introduced as a controlled variable when keeping 
modulus of the AC layer as a constant in this paper. Then, a three-layered 
pavement structure is selected as an analytical model, which consists of an AC 
layer with the constant modulus and a base layer with the variable modulus 
covering the subgrade. A three dimensional (3D) finite element model was 
established to estimate the strains along the horizontal and vertical direction 
in the AC layer under different Rm. The results show that Rm will change the 
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distribution of the horizontal strains along the depth in the AC layer; the 
increase of Rm could reduce the maximum tensile strain in the AC layer, but its 
effect is limited; the maximum tensile strain in the AC layer does not necessarily 
occur at the bottom, but gradually rises to the middle with the increase of Rm. 
Rm could significantly decline the bottom strain in the AC layer, and there is a 
certain difference between the bottom and the maximum strain when Rm is 
greater than or equal to one, which will enlarge with increasing Rm. Rm could 
change the depth of the neutral axis in the AC layer, and the second neutral 
axis will appear at the bottom of the AC layer under a sufficiently large Rm. The 
average vertical compressive strain in the AC layer will significantly enlarge 
with the increase of Rm. 

Keywords: Asphalt pavement, elastic modulus, Finite Element Method, 
mechanical response, neutral axis.

Introduction

Being one of the mainstream construction materials for the surface 
layer of the pavement structure, asphalt concrete (AC) has many 
apparent advantages, including capability to ensure great driving 
comfort, excellent skid resistance and ease of construction, which at 
present makes asphalt pavement structures ubiquitous around the 
world (Huang, 2004). On the other hand, in order to withstand severe 
climate, environmental and traffic conditions in different regions, a 
variety of materials are also introduced in the asphalt pavement as 
the base layer to further improve the bearing capacity of the entire 
pavement structure. Depending on different levels of stiffness of base 
layer materials, asphalt pavement structures can be grouped into 
three types, i.e., flexible base pavement structures, semi-rigid base 
pavement structures, and rigid base pavement structures (Huang, 
2017). Specifically, granular materials or asphalt stabilized materials, 
chemically stabilized materials, and cement concrete or other materials 
with high stiffness were chosen as the base layer for flexible, semi-
rigid and rigid base pavement structure, respectively. Considering the 
modulus of the base in diverse pavement structures, a large number of 
previous research papers (Saad et al., 2006; Hu & Walubita, 2011; Xiao et 
al., 2011; Francois et al., 2019) have shown that the pavement structures 
with the base with high modulus demonstrate different mechanical 
properties as compared to those with the base with low modulus, which 
will affect the service capacity of the structures. Hence, it is necessary to 
discuss the influence of the modulus of the base layer on the mechanical 
behavior of the pavement structure.

Within the Mechanical-Empirical (M-E) design procedure, each 
layer of the pavement structure will be given a constant modulus 
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so that it could be applied to obtain mechanical response under 
wheel loading with other parameters, such as layer thickness and 
Poisson’s ratio. However, many objective factors and their strong 
mutual interaction occurring during and/or after the construction 
will result in the decrease of the modulus of the base layer and the 
AC layer, resulting in detrimental effects on the construction quality 
and environmental effects (Collop & Cebon, 1995 & 1996; Benedetto 
et al., 2004; Lv et al., 2018 & 2019). It is clear that it is difficult to 
keep the moduli of the base and AC layer at a fixed value during a 
long-term service life, and the changes in the modulus will affect 
the performance of the pavement structure. Therefore, in order to 
consider and control the impact of the modulus of the AC layer, it is 
appropriate to introduce the modulus ratio of the base layer and the 
AC layer (Rm) as a controlled variable in the research of the influence 
of the modulus of the base layer on mechanical behavior of the asphalt 
pavement.

Besides, the AC layer at the surface of the pavement structure is 
influenced by the natural environment and repeated vehicle loading. 
Along with the increase of the service time, the AC layer will deteriorate 
and finally many diseases will develop under the impact of many 
factors, which will eventually lead to the need to repair or rebuilt the 
pavement structure (Collop & Cebon 1995; Huang 2004). The main types 
of diseases that may occur in the AC layer, including fatigue cracking, 
top-down cracking and permanent deformation, are considered to be 
closely related to the strain distribution in the AC layer. For example, the 
horizontal strain is usually used to control the fatigue cracking and top-
down cracking of the AC layer, and the vertical strain is used to predict 
the permanent deformation of the AC layer (Applied Research Associates, 
Inc., 2004a). Therefore, it is necessary to consider the influence of 
the modulus of the base layer on the strain distribution in the asphalt 
pavement structure.

As a result, a three-layered pavement structure has been selected as 
analytical example in this paper, the structure consists of an AC layer 
with constant modulus and a base layer with variable modulus covering 
the subgrade. The above pavement structure was designed to consider a 
larger range of modulus of the base layer due to different materials that 
were used in construction thereof. Then, a three dimensional (3D) finite 
element model developed from EverStressFE (Davids, 2009) was used to 
compute and investigate the critical strains along both horizontal and 
vertical directions in the AC layer of the selected pavement structure 
under different Rm. 
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1.	 Review of the distribution range of modulus 
of the base layer for different materials

It is apparent that in the practical engineering situations, the base 
layer of the asphalt pavement structure can be constructed using 
various materials with different stiffness. The representative materials 
include granular materials, chemically stabilized materials, cement 
concrete and recycled materials, including reclaimed asphalt pavement 
(RAP), recycled construction and demolition waste, reclaimed concrete 
aggregate and so on. A large number of experiment-based material 
studies conducted by researchers (Mohammad et al., 2000; Camargo, 
2008; Solanki et al., 2009; Cetin et al., 2010; Leite et al. 2011; Bilodeau & 
Doré, 2012; Jiang & Fan, 2013; Arulrajah et al., 2015; Bestgen et al., 2016; 
Miao et al., 2016; Arshad, 2018; Li et al., 2019; Ji et al., 2019; Romeo et 
al., 2019; Bassim & Issa, 2020) during the last years have shown the all 
materials mentioned above demonstrate different mechanical properties 
in pavement structure, including the modulus which is usually employed 
to represent the stiffness of material, in particular. As a result of these 

Figure 1. The modulus range of different materials of the base layer
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developments, the distribution range of modulus for four kinds of typical 
materials used to construct the base layer is summarized as shown 
in Figure 1. It clearly implies that the variation range of modulus of these 
materials is extremely wide, ranging from 30 MPa (granular materials) 
to 31 000 MPa (cement concrete). As it may in Figure 1, the modulus of 
cement concrete generally is the largest, followed by that of chemically 
stabilized materials and granular materials, and that of recycled 
material is the smallest due to some existing damage that could have 
occurred before recycling, such as cracks and permanent deformation. 
Besides, even in the same kind of material, there may be a great 
difference in its modulus, because modulus is affected by many factors, 
such as gradation, humidity, additive content, repetitions of loading, etc. 
For instance, the minimum modulus of chemically stabilized materials is 
150 MPa, meanwhile its maximum modulus is 12 000 MPa based on the 
existing experimental results.

In conclusion, the material of the base layer has a large range 
of modulus, which will inevitably affect the performance of the AC 
layer. Therefore, the influence of the modulus of the base layer on the 
mechanical behavior (in particular, strain distribution) of the AC layer is 
emphasized again in this study. In other words, the reasonable matching 
of the modulus between the base layer and the AC layer requires more 
attention. In order to cover all the representative materials of the base 
layer as comprehensively as possible, the researched modulus range of 
500~6000 MPa has been adopted for the following analysis conducted in 
the paper.

2.	 Establishment and validation of the finite 
element model

EverStressFE was selected to design a 3D finite element model to 
calculate the critical strain distribution in the AC layer. Developed by 
the University of Maine with financial support from the Washington 
State Department of Transportation, this software package with 
user-friendly graphical user interface (GUI) could effectively save 
time for model generation, calculation and post-processing due to 
the capability of some outstanding features, including automated 
meshing, coupling of finite element and infinite element and so on 
(Clapp, 2007; David, 2009; Henry et al., 2009; Abdelfattah et al., 2018; 
Jiang et al., 2019 & 2021). Therefore, it is employed extensively in 
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the mechanical analysis of asphalt pavement structure in terms of 
displacement, stress and strain.

2.1.	 Loading condition

The 100 kN single axle with dual tires, which is treated as a vertical 
distributed circular uniform load, is assumed to act on the surface of the 
pavement structure. The tire-pavement contact pressure is 700 kPa, the 
radius of the loading zone is 107 mm, and the distance of the dual tires is 
320 mm.

2.2.	 Pavement structure and materials properties

A typical three-layered pavement structure composed of an AC 
layer with a thickness of 200 mm and a base layer of 300 mm covering 
the subgrade has been chosen here as an object for analysis, as shown 
in Figure 2(a). To provide for parallel comparison, all layers in the 
above-mentioned pavement structure are regarded as linear elastic 
bodies, which is a relatively valid assumption to reveal the influence 
of modulus of the base layer on the strain distribution in the AC 
layer in this case study. The mechanical parameters of the pavement 
materials, including elastic modulus and Poisson’s ratio, are given in 
Figure 2(a) based on the assumption of linear elasticity. It should 
be noted that the modulus range of the base layer is large due to 
different material properties, but the modulus of the AC layer has a 
relatively little variation in many types of pavement structure. It is 
worth mentioning that the modulus of the AC layer under 15~35°C is 
usually used in pavement structure design in many countries (IRC, 
2012; Corté & Goux, 1996; AASHTO, 1993; Ministry of Transport of 
China, 2006; Austroads, 2017). Consequently, a typical constant value 
of 2000 MPa was defined as the modulus of the AC layer under the 
specified temperature range based on the previous studies reflecting 
on results of laboratory tests (Austroads, 2017; Brown & Foo, 1991; 
Fakhri & Ghanizadeh, 2014; IRC, 2012; Lavasani et al., 2015; Ministry 
of Transport of China, 2006; Shafabakhsh & Tanakizadeh, 2016; 
Venudharan & Biligiri, 2015). At the same time, the modulus of the 
base layer was considered as a variable ranging from 500 MPa to 6000 
MPa according to the findings presented in Section 1, that is to say, Rm 
is distributed in a range from 0.25 to 3. Besides, the base layer with 
different modulus was supposed to have its corresponding different 
Poisson’s ratio. For example, the Poisson’s ratio of soft materials, e.g., 
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granular materials, is about 0.35~0.4, and that of stiff materials, e.g., 
cement concrete, is about 0.2~0.25. However, the Poisson’s ratio has 
little impact on the mechanical responses of the asphalt pavement 
structure (Schwartz et al., 2013). Therefore, for the convenience of 
calculation, the average value of Poisson’s ratio of 0.3 was adopted in 
this paper.

2.3.	 Geometric dimensions of the model 
and boundary conditions

Considering the characteristics of EverStressFE software and the 
symmetry of the finite element model, a 1/4 model was selected to 
simplify the computing process, as shown in Figure 2(a). Figure 2(b) 
shows that the model selected in the program consists of the finite 
element domain and the infinite element domain; the ordinary 20-node 
cubic elements were utilized in the finite element domain to discretize 
the model, while the infinite elements were introduced in the infinite 
element domain to diminish the number of far-field elements without 
significant loss of computing accuracy and to provide the boundary 
conditions except the two symmetric surfaces.

In order to define the location of the infinite boundaries at both 
horizontal sides and the bottom of the finite element model, Al-Qadi 
et al. (2008) performed a sensitive analysis and then compared the 
critical mechanical responses, including the strains along the transverse 
and driving direction at the bottom of the AC layer and the maximum 
compressive stress at the top of the subgrade, with the full-size finite 
element model (3 m × 3 m × 5 m). It was demonstrated that the accurate 
solution could be obtained using the horizontal location of the infinite 
boundary from the load center greater than 900 mm and the location of 
the bottom infinite boundary at a depth of 1100 mm. Applied Research 
Associates, Inc. (2004b) also suggested that the infinite boundaries 
should be set at 760 to 1200 mm away from the center of the load. Clapp 
(2007) recommended that the dimensions of the finite element domain 
are equal to ten times the radius of the applied wheel load. Based on 
the research results mentioned above, in order to minimize the adverse 
effects induced by the boundary considering the loading condition 
illustrated in Section 2.1, both dimensions of the driving and transverse 
direction for the finite element model were all set at 1100 mm away from 
the center of the dual tires, and the bottom infinite boundary was set at 
a depth of 1100 mm away from the surface of the pavement structure 
considered in this study, as shown in Figure 2(b).
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(b)

Note: ∞ is defined as the infinite boundary here

Figure 2. The finite element model: (a) selected 1/4 model, (b) geometric 
dimensions and mesh

(a)
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2.4.	 Mesh of the finite element model

The model comprised a refined mesh around the loading zone, 
a relatively coarse mesh at a distance from the loading zone, and a 
transitional region between the refined region and the coarse region, 
as shown in Figure 2(b). In the horizontal directions, Clapp (2007) 
recommends that the in-plane dimensions of the locally refined region 
are taken as three times the radius of the applied load and at least 
9 element divisions along both horizontal directions should be used here 
if accurate solutions are required for the base layer and the AC layer. 
Consequently, in this paper, the in-plane dimension of the refined region 
is set at 480 mm × 480 mm, which is equally divided into 12 elements 
along the driving and transverse directions. And the coarse region 
is equally divided into 10 elements along the driving and transverse 
directions. Meanwhile, the transitional region from the refined to coarse 
region is defaulted at 50 mm. In the vertical direction, all elements have 
identical vertical dimension in each layer in the program. Moreover, 
Clapp (2007) also suggests that 2, 4 and 6 elements divisions should be 
taken in the AC layer, base layer, and subgrade through the thickness 
of the layer, respectively, and increasing the number of element 
divisions through the thickness of each layer has a little effect on the 

Figure 3. Results of comparison between EverStressFE and BISAR
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final solutions. Therefore, divisions into 9 elements are determined 
in each layer to ensure higher accuracy in this paper. In addition, fully 
continuous interlayer bonding condition was assumed between the AC 
layer and the base layer, as well as the base layer and the subgrade, in the 
pavement structure. 

In summary, the final finite element model was divided into 
10 179  20-node cubic elements with a total of 45 056 nodes, as 
demonstrated in Figure 2(b).

2.5.	 Verification of the finite element model

In order to validate the correctness of the finite element model 
established above, a linear elastic layered system program BISAR 
(Bitumen Business Group, 1998), well-known in the field of pavement, 
was adopted here to compare the calculated results. The pavement 
structure shown in Figure 2 with the base layer modulus of 1 000 MPa 
was used in both programs. The distribution of strains along the 
driving, transverse and vertical directions in the AC layer was obtained 
by both programs under the center of one of the dual tires, as shown in 
Figure 3. It could be seen that the distributions of the critical strains 
calculated by the two programs are in good agreement from the macro 
rule to specific value. It has been fully confirmed that the finite element 
model established above is extremely reliable, which provides a solid 
foundation for the following analysis.

3.	 Discussion of results 

First of all, a large number of previous studies (Park & Lytton, 2004; 
Al-Hadidy & Tan, 2009; Huang et al., 2011; Abu Al-Rub et al., 2012; Cortes 
et al., 2012; Maina et al., 2012; Liu & Shalaby, 2013; Aarabi & Tabatabaei, 
2018; Li & Hao, 2020) indicated that the maximum critical strains in 
the AC layer always appears under the loading zone, so the in-plane 
coordinate of the calculated point used in the following analysis in this 
paper is located at the center of one of the dual tires.

3.1.	 Distribution of critical strains along depth in AC layer

Figure 4 shows the distribution of the critical strains along the 
depth in the AC layer under different Rm. In both horizontal directions, 
it could be seen that when the value of Rm is small, the maximum 
tensile strains appear at the bottom of the AC layer, and therefore the 
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Figure 4. Distribution of critical strains along the depth in the AC layer:  
(a) strains along the driving direction, (b) strains along the transverse 
direction, (c) strains along the vertical direction

(a)

(b)

(c)

–250 –200 –150 –100 –50 0 50 100 150

200

150

100

50

0

D
ep

th
 i

n
 A

C
 l

ay
er

, 
m

m

 0.25
 0.50
 0.75
 1.00
 1.25
 1.50
 1.75
 2.00
 2.25
 2.50
 2.75
 3.00

Strains along the driving direction, 10–6

 
 

–250 –200 –150 –100 –50 0 50 100 150

200

150

100

50

0

D
ep

th
 i

n
 A

C
 l

ay
er

, 
m

m

 0.25
 0.50
 0.75
 1.00
 1.25
 1.50
 1.75
 2.00
 2.25
 2.50
 2.75
 3.00

Strains along the transverse direction, 10–6

 
 

–280 –240 –200 –160 –120

200

150

100

50

0

D
ep

th
 i

n
 A

C
 l

ay
er

, 
m

m

   R
m

 0.25
 0.50
 0.75
 1.00
 1.25
 1.50
 1.75
 2.00
 2.25
 2.50
 2.75
 3.00

Strains along the vertical direction, 10–6

 

   R
m

   R
m



137

Kang Yao, 
Xin Jiang, Jin Jiang, 
Zhonghao Yang, 
Yanjun Qiu

Influence of Modulus 
of Base Layer 
on the Strain 
Distribution 
for Asphalt 
Pavement 

fatigue cracking of the AC layer may first occur in this zone. Besides, 
with the increase of the Rm value, the tensile strains at the bottom of 
the AC layer will decrease sharply. When Rm is equal to two, the tensile 
strain values along both horizontal directions are even close to zero. 
Although the growth of Rm could successfully reduce the magnitude 
of horizontal tensile strains at the bottom of the AC layer, its effect 
is limited. When Rm continues increasing, the value of the bottom 
tensile strains along both horizontal directions will decline slowly. In 
addition, the horizontal compressive strains appear in the upper part 
of the AC layer and diminish along the depth under a small Rm. Then, 
the compressive strain will transform into the tensile strain in the 
middle of the AC layer, and the value of the tensile strain will increase 
along the depth. With the increase of Rm, the horizontal compressive 
strain is still located in the upper part of the AC layer, but after the 
compressive strain is converted into the tensile strain in the middle 
of the AC layer, the increased rate of the tensile strain along the depth 
will become slow. When Rm is large enough, the value of the tensile 
strain even decreases along the depth, which indicates that when Rm 
exceeds a certain value, the maximum horizontal strain will appear 
inside the AC layer rather than at its bottom.

In the vertical direction, the strain in the AC layer always is 
compressive. The vertical compressive strain initially increases and 
finally decreases along the depth in the AC layer, and the maximum value 
of that is located at about 55 mm away from the surface of the pavement 
structure. Moreover, with the increase of Rm, the compressive strain 

Figure 5. The maximum tensile strains in the AC layer
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value in the whole AC layer demonstrates a trend for growth, but that in 
the lower part of the layer will decrease.

The above presented rules allow concluding that Rm has a great 
influence on all critical strains of the AC layer. Therefore, within the 
framework of this research, the maximum tensile horizontal strains in 
the AC layer and their location, the comparison of horizontal maximum 
and bottom strains in the AC layer, the tensile, compressive zone and 
neutral axis in the AC layer, and the average vertical compressive strain 
in the AC layer are discussed in detail below.

3.2.	 Maximum horizontal tensile strains in the AC layer

Figure 5 presents the maximum horizontal tensile strain along the 
driving and transverse directions in the AC layer under different Rm. 
The figure illustrates that the maximum tensile strain along the driving 
direction is always greater than that along the transverse direction, 
which is independent of Rm. The phenomenon points at the fact that the 
maximum tensile strain along the driving direction is the main reason 
inducing fatigue cracking in the AC layer. In addition, the maximum 
tensile strain in the AC layer initially could be reduced with the rise of 
Rm, but when the value of Rm is greater than 1, that is, when the modulus 
of the base layer is greater than that of the AC layer, the tensile strain 
will increase slightly. Thus, it may be concluded that when the modulus 
of the base layer is lower than that of the AC layer, properly increasing 
Rm could excellently minimize the maximum tensile strain in the AC layer 

Figure 6. Depth of the maximum horizontal strains in the AC layer
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with the intention of controlling the fatigue cracking, but in the opposite 
case, the alteration of Rm has little impact on the maximum tensile strain 
value.

Figure 6 presents the depth of the maximum tensile strain in the AC 
layer under different Rm, which proves that when Rm is less than one, that 
is, when the modulus of the base layer is less than that of the AC layer, 
the depth of the maximum horizontal strain is always located at the 
bottom of the AC layer. However, when Rm is greater than one, that is, 
when the modulus of the base layer is greater than that of the AC layer, 
the location of the maximum horizontal tensile strain begins to rise to 
the middle of the AC layer, and this trend will maintain with increasing 
Rm. This indicates that amplifying Rm, the maximum tensile strain in 
the AC layer does not necessarily occur at the bottom of the AC layer, 
but gradually rises to the middle of the AC layer, which may even induce 
initial cracking in the middle of the AC layer. Besides, by comparing 
both horizontal directions, it could be observed that the depth of the 
maximum strain along the transverse direction rises faster than that 
along the driving direction along with the increase of Rm.

3.3.	 Comparison of the horizontal maximum and bottom 
strains in the AC layer

The aforementioned results show that with the increase of Rm, the 
depth of the maximum horizontal strain in the AC layer will gradually 
rise from the bottom to the middle of the AC layer. However, since in 
this paper, the horizontal tensile strain at the bottom of the AC layer has 
been selected to predict the potential fatigue cracking in the AC layer 
within the current design method of the pavement structure (Applied 
Research Associates, Inc. 2004a), the horizontal maximum strain 
and bottom strain of the AC layer are compared under different Rm, as 
shown in Figure 7. The figure allows concluding that the tensile strain 
at the bottom of the AC layer will decrease with the increase of Rm, but 
the rate of decrease will gradually slow down. When Rm is defined as a 
sufficiently large value, compressive strain occurs even at the bottom of 
the AC layer. Specifically, when Rm is about 2.5, the compressive strain at 
the bottom of the AC layer initially appears in the transverse direction. 
Then, when Rm is about 3.0, the compressive strain at the bottom of 
the AC layer will occur in both driving and transverse directions. This 
discovery denotes that the increase of Rm could greatly reduce the tensile 
strain at the bottom of the AC layer, which is finally converted to the 
compressive strain.
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Besides, when Rm of the base layer and the AC layer is greater than 
or equal to one, there is a certain difference between the bottom strain 
and the maximum strain, which will enlarge with increasing of Rm. This 
indicates that if the tensile strain at the bottom of the AC layer, instead of 
the maximum tensile strain, is still used to predict the fatigue cracking 
of the AC layer when the Rm is larger than or equal to one, the fatigue life 
of the pavement structure will be significantly overestimated. Therefore, 
in this case, the engineer should consider that the maximum tensile 
strain will occur in the middle of the AC layer and use it to predict the 
fatigue cracking of the AC layer.

Figure 7. The horizontal maximum and bottom strains of the AC layer: 
(a) along the driving direction, (b) along the transverse direction
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3.4.	 Tensile, compressive zone and neutral axis 
in the AC layer

The contour graphics in the refined region around vehicle tires have 
been drawn to illustrate the strains occurring along the horizontal 
directions in the AC layer with Rm = 0.25 and 3, as shown in Figure 8. 
It is demonstrated that the maximum strain along both horizontal 
directions is located at the bottom of the asphalt layer with Rm = 0.25 and 
in the middle of the asphalt layer with Rm = 3, respectively. The tensile 
strain along the transverse direction would occur at the surface of the 
pavement structure. Since the neutral axis in the AC layer is no longer 
a straight line, and it is inconvenient to divide the whole AC layer into 
the upper and lower part based on the tensile and compressive zone for 
design improvement purposes, strain distribution under the center of 
a single tire, where the maximum strains are located, was selected for 
further study.

Figure 9 demonstrates the distribution of the tensile, compressive 
zone and the depth of the neutral axis in the AC layer along the 
driving and the transverse direction under the center of a single tire 
with different Rm. It has been illustrated that the upper part of the 
AC layer is compressive in both directions, the lower part of the AC 
layer is tensile, and the neutral axis is located at about 50~80 mm 
away from the surface of the pavement structure. With the increase 
of Rm, the position of the neutral axis demonstrates initially nonlinear 
and finally linear rise. At the same time, the upper compressive zone 
decreases and the lower tensile zone increases gradually. When 
Rm is large enough, the minor compressive zone will be present at 
the bottom of the AC layer, and the second neutral axis also appears 
there. Specifically, along the driving and transverse direction, the 
compressive zone will appear at the bottom of the AC layer when 
Rm is 3 and 2.5, respectively. Furthermore, after the compressive 
zone is established at the bottom of AC layer, the size of the tensile 
zone within the AC layer does not change much when Rm continues 
increasing, which at remains at about 147 mm. By comparing both 
horizontal directions, it could be found that under the same Rm, the 
first neutral axis along the transverse direction is higher than that 
along the driving direction, that is, the compressive zone along the 
transverse direction is smaller than that along the driving direction.

In the previous pavement structure design, the AC layer 
was divided into several sub-layers to perform their respective 
functions based mainly on experience. Generally, the upper sub-
layer was applied to reduce permanent deformation, while the lower 
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Figure 8. Contour of strains in the AC layer: (a) along the driving direction 
with Rm = 0.25; (b) along the transverse direction with Rm = 0.25; (c) along 
the driving direction with Rm = 3; (d) along the transverse direction with 
Rm = 3
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Figure 9. Tensile, compressive zone and the neutral axis in the AC layer: 
(a) along the driving direction; (b) along the transverse direction
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sub-layer was implemented to prevent fatigue cracking. However, 
this experiential method can be improved based on the results of 
this study. According to the results obtained, the sub-layer used to 
avoid fatigue cracking should be rationally placed at the tensile zone 
in the AC layer. Specifically, when the modulus of the base layer is 
sufficiently large, the tensile zone develops in the middle part of the 
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AC layer, which would induce initial cracking in this zone instead of 
the bottom of the AC layer. Therefore, the middle sub-layer needs to 
be carefully designed to improve its resistance to fatigue cracking, as 
well as permanent deformation, in this case.

3.5.	 The average vertical compressive strains in the AC layer

The average vertical compressive strain of the AC layer is used to 
predict its permanent deformation (Applied Research Associates, Inc., 
2004a), thus, the average vertical compressive strain under different 
Rm in the whole AC layer, instead of under the center of one of the dual 
tires, is discussed in this paper. Figure 10 shows that the average 
vertical compressive strain in the AC layer will significantly enlarge 
with the increase of Rm, which indicates that the large modulus of 
the base layer will make the resistance of permanent deformation of 
the AC layer decline. This happens because the base layer with large 
modulus limits deformation occurring at the bottom of the AC layer, 
but the upper part of the layer is still affected by the load, which 
makes the AC layer maintain the condition with high compressive 
stress. Therefore, in order to effectively control the permanent 
deformation of the AC layer, the modulus of the base layer could be 
reasonably reduced without increasing the permanent deformation of 
the subgrade.

Figure 10. The average vertical compressive strain in the AC layer
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Figure 11. Strain along the driving direction at the bottom of the AC layer: 
(a) from field measurement presented in Wu et al. (2017); (b) from numerical 
simulation presented in Yue & Svec (1995)
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4.	 Validation of macroscopic conclusions obtained 
from numerical simulation

Various types of the base layer were considered in this study, so 
it is very difficult, almost impossible to validate the above results by 
field measurements under the exactly same conditions. Therefore, the 
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correctness of the macroscopic conclusions and results obtained in this 
paper are confirmed by comparing them with some specific cases from 
the previous studies. 

Based on the field measurement, Wu et al. (2017) measured the 
strain along the driving direction at the bottom of the AC layer of 
three field test sections constructed in Chengdu-Deyang-Nanchong 
Expressway in China, which was produced by the truck with a vehicle 
speed of 20 km/h and single rear axis of 14 t, as shown in Figure 11(a). 
Three types of pavement structures have different base layer with 
the same AC layer and subgrade, and the sequence based on pavement 
stiffness is semi-rigid pavement > composite pavement > inverted 
pavement. Figure 11(a) demonstrates that the lower strain would be 
present in the pavement structure with higher modulus of the base layer, 
which agrees with the macroscopic conclusions obtained in the course of 
the numerical analysis.

Using numerical simulation, Yue & Svec (1995) calculated the 
strain along the driving direction at the bottom of the AC layer of three 
pavement structures under different loads, as shown in Figure 11(b). 
Rm of three pavement structures is 0.06, 0.57, 1.71, respectively. It could 
be seen from Figure 11 (b) that the strain would decrease with the 
increase of Rm, and the compressive strain would be present even at a 
larger Rm. This phenomenon is also consistent with the results acquired 
in this study.

Therefore, it can be concluded that the macroscopic conclusions 
and results reported in this paper agree with the available data 
from the previous research conducted by field tests and numerical 
simulations.

Conclusions

When Rm is small, the horizontal compressive strain appears in the 
upper part of the AC layer and diminishes along the depth. Then, the 
compressive strain converts into the tensile strain in the middle of the 
AC layer, and the value of the tensile strain increases along the depth. 
With the increase of Rm, the increased rate of the tensile strain along 
the depth will become slow. Moreover, the value of the tensile strain 
decreases also along the depth when the Rm is sufficiently large.

The maximum tensile strain along the driving direction is always 
greater than that along the transverse direction in the AC layer, which is 
independent of Rm. The maximum tensile strain in the AC layer initially 
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could be reduced with the rise of Rm, but when the value of Rm is greater 
than 1, the tensile strain will increase slightly. In addition, amplifying Rm, 
the maximum tensile strain in the AC layer does not necessarily occur at 
the bottom, but gradually rises to the middle. The depth of the maximum 
strain along the transverse direction rises faster than that along the 
driving direction.

The tensile strain at the bottom of the AC layer will decrease with 
the increase of Rm, but the rate of decrease will gradually slow down. 
Finally, compressive strain occurs even at the bottom of the AC layer. 
And, when Rm is greater than or equal to one, there is a certain difference 
between the bottom and maximum strain, which will grow along with 
the increase of Rm.

The upper part of the AC layer is compressive in both horizontal 
directions, the lower part of the AC layer is tensile, and the neutral 
axis is located at 50~80 mm away from the surface of pavement 
structure. With the increase of Rm, the position of the neutral axis 
demonstrates initially nonlinear and finally linear rise. When Rm 
is large enough, the minor compressive zone will be present at the 
bottom of the AC layer, the second neutral axis also appears here. 
Furthermore, the size of the tensile zone within the AC layer remains 
at about 147 mm after the compression zone develops at the bottom of 
AC layer. Under the same Rm, the first neutral axis along the transverse 
direction is higher than that along the driving direction, that is, the 
compressive zone along the transverse direction is smaller than that 
along the driving direction.

The vertical compressive strain in the AC layer initially increases 
and finally decreases along the depth of the AC layer, and its maximum 
value is located at about 55 mm down from the surface of the pavement 
structure. In addition, the average vertical compressive strain in the 
AC layer will significantly grow along with the increase of Rm.
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