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ABSTRACT Asphalt concrete (AC) overlays placed over old asphalt pavement have become an alternative to repairing
and reinforcing pavements. The strength contributed by the AC overlay is strongly influenced by the anisotropic
properties of the pavement material. This study was conducted to analyze the influence of anisotropy, modulus gradient
properties, and the condition of the AC overlay and old pavement contact plane on the mechanical behaviors of AC
overlays, as well as to quantify the influence of the degree of anisotropy on the mechanical behaviors of AC overlay by a
sensitivity analysis (SA). The mechanical behaviors of the AC overlay were numerically obtained using the three-
dimensional finite element method with the aid of ABAQUS, a commercial program. Variations in the AC overlay’s
modulus as a function of temperature as well as the contact state between the AC overlay and AC layer were considered.
The SA is based on standardized regression coefficients method. Comparing the mechanical behavior in terms of surface
deflection, stress, and strain of the anisotropy model against those corresponding to the isotropic model under static loads
show that the anisotropic properties had greater effects on the mechanical behavior of the AC overlay. In addition, the
maximum shear stress in the AC overlay was the most significant output parameter affected by the degree of anisotropy.
Therefore, future research concerning the reinforcement and repair of pavements should consider the anisotropic
properties of the pavement materials.

KEYWORDS asphalt concrete overlay, anisotropy, temperature gradients, modulus gradients, finite element simulation,
sensitivity analysis

1 Introduction

Asphalt concrete (AC) overlays are commonly used for
rehabilitating deteriorated pavements because this method
is effective when repairing and reinforcing pavements. The
comfortability and durability of repaired or reinforced
pavements is most dependent on the mechanical perfor-
mance of the AC overlay. The analytical and experimental
research of the design and analysis of AC overlay
pavements have been intensified in recent years [1–6].
Pavement materials are usually assumed to be isotropic
and homogeneous when deformation, stress, and strain
were calculated during prior research of the AC overlay
pavement theory. For example, in order to investigate the
effectiveness of the inner stress-absorbing composite

layers to control reflection cracking, the laboratory
pavement sample with AC overlay was constructed and
tested by Dempsey [2]. Khodaii et al. [3] documented the
effects of geo-synthetic reinforcement on mitigating
reflection cracking in the AC overlay. Wang [5] studied
the effects of using reclaimed asphalt pavement (RAP) on
the long-term performance of AC overlays. These results
show that the presence of RAP, the choice of pre-overlay
treatment method, and overlay thickness work dependently
upon one another in producing the long-term performance
strength of the mixture [4]. Many researchers also have
found that the AC materials are anisotropy [7–10]. The
anisotropic characteristic of AC materials has obvious
effects on the mechanical behaviors of pavement. In
comparison to the traditional elastically isotropic material
model, the use of an elastically anisotropic model to
describe the mechanical behaviors produces more reliableArticle history: Received Aug 17, 2017; Accepted Nov 18, 2017

Front. Struct. Civ. Eng. 2019, 13(1): 110–122
https://doi.org/10.1007/s11709-018-0476-4



results [9,11–13]. It is more important to consider these
anisotropic characteristics when the mechanical response
solution of those materials was derived. In addition,
sensitivity analysis (SA) was usually used to define the
effect of the input parameters on the uncertainty of the
outputs. Basic SA study the variation in the outputs by
changing one input parameter while holding other input
parameters fixed. Besides, in the global SA, the effect of a
parameter is defined by varying all the parameters at the
same time [14–17]. Few studies have been on the SA of
anisotropic properties, to identify the influence of
anisotropic characteristic on the mechanical behaviors of
pavement.
AC, particularly its course surface, exhibits vertical

grading properties, primarily caused by temperature and
age-related stiffness of the gradients [18–20]. The research
of Nazarian and Alvarado [18] produced an interesting
result, showing that the variation in modulus of AC with
temperature is a very important aspect to consider during
the analyzation and design of pavement. Therefore, to
successfully analyze the mechanical behaviors of AC
overlay pavement, modulus gradient properties at different
depths should be strictly considered. Additionally, the
condition of the inner layer boundary between the AC
overlay and the old AC surface are widely accepted as
important factors affecting pavement performance [21].
The condition of the boundaries between each layer of
pavement structure is assumed to be completely contin-
uous. Unfortunately, this testing assumption does not
correspond to the real condition of test specimens during
design analysis. Guo et al. [22] stated that deformation of
the pavement surface depends on the friction coefficient
and modulus and that the state of interlayer bonding also
has an important effect on pavement deflection. Therefore,
the boundary condition between the AC overlay and old
AC layers is a critical factor to be considered during
analysis of the mechanical behavior of pavement.
Based on this brief background, the goal of this research

is to study the influence of anisotropy, modulus gradient
properties, and the condition of the AC overlay and old
pavement contact plane on the mechanical behaviors of
asphalt pavements. In addition, in this paper, a compre-
hensive SA is also presented to identify the effect of
anisotropic characteristics on the mechanical behaviors.

2 Transversely isotropic and gradient
properties of AC modulus

2.1 Transversely isotropic characteristics of AC

AC is composed of differently shaped granular materials
and its internal structure shows obvious anisotropic
characteristics. These anisotropic properties are due mainly
to the distribution, shape, orientation, degree of compac-

tion, void structure, etc. of the granular materials.
The transversely isotropic of AC are usually regarded as

a special type of anisotropic, and it can be a good
characterization for the feature of anisotropic [9,10,23,24].
The main parameters of transversely isotropic materials
include vertical elastic modulus, Ev, on the vertical plane,
horizontal elastic modulus, Eh, on the horizontal plane
along the transverse direction, Poisson’s ratio for the
vertical and horizontal directions, and shear modulus, G,
which is assumed to be the same over three orthogonal
planes. We usually assume that Poisson’s ratio is equal in
all directions and, therefore, introduced the modulus ration
(the ratio of horizontal elastic modulus to vertical elastic
modulus, i.e., α = Eh/Ev = Ex/Ez = Ey/Ez) in order to
characterize the transverse isotropy of AC, as shown in
Fig. 1. Masad et al. [25] first discovered that the
transversely isotropic properties of AC were formed by
the Superpave rotary compactor. Recall that Wang et al. [9]
measured the degree of transverse isotropy of AC using the
tri-axial test in situ, which was determined to be between
0.2 and 0.5. Through vertical and horizontal dynamic
modulus testing, Motola and Uzan determined that the
degree of transverse isotropy of AC is 0.4. Using indoor
experimentation, Ju [27] found that the degree of
transverse isotropy of AC-20 is 0.75 to 0.85.

2.2 Modulus gradient properties of AC

AC is a material sensitive to temperature change; the road
performance and mechanical properties of AC change
significantly with temperature. Furthermore, at different
depths within the pavement, the temperature varies in a
district gradient pattern, also causing variation in the elastic
modulus [18,28–30]. AC is a mixture of asphalt and
mineral aggregate. The viscosity of asphalt increases
sharply at low temperatures, which leads to the increase of
cohesive force between aggregates. On the contrary, the
viscosity of asphalt decreases sharply at high temperatures,
which leads to the decrease of cohesive force between
aggregates. As a result, the elastic modulus of AC

Fig. 1 Transverse isotropy characteristics
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increases with decrease in temperature and decreases with
increase in temperature [31].
A simple laboratory test of AC-20 is used in this study;

the test method is comprehensively described in Refs.
[32,33] and briefly discussed in this text. Variation in
testing temperatures was considered to allow for the use of
a larger variety of AC overlay pavement types in low
temperature and high temperature environments. Flow
time is defined as the time corresponding to the minimal
rate of change of permanent axial strain during the tests
conducted in this study. The static creep tri-axial test
measures permanent deformation as a function of time
when a constant load is applied to a cylindrical AC
specimen. Lastly, cumulative permanent deformation is
reported as a function of time during compression. This
deformation has historically been categorized into three
zones (primary, secondary and tertiary). The primary zone
is characterized by a reduced rate of accumulated
permanent deformation. Permanent strain accumulates in
a relatively linear fashion in the secondary zone. The
tertiary zone occurs as the specimen break and is
characterized by a rise in accumulated permanent defor-
mation [33–35]. In this study, a confined compression test
was selected to replace the unconfined compression test for
its more accurate simulation of reality. In this test, the
deviator stress was 1380 kPa and the confining stress was
276 kPa [34]. For the static creep test, the low temperature
(or high temperature) elastic modulus of AC was selected
at a constant load time under different low temperature (or
high temperature) conditions as shown in Fig. 2.

Results show that the low temperature elastic modulus
of AC has a quadratic polynomial relationship with
temperature. Correlation coefficient, R2, is 0.9895. The
relationship between the elastic modulus of low tempera-
ture testing conditions and the temperature (T) of the
material is shown in Eq. (1).

E ¼ 2:2002T2 – 175:2290T þ 898:9015, (1)

where E is elastic modulus and T is temperature.
Similarly, the relationship between the elastic modulus

of high temperature and the temperature of the material is
shown in Eq. (2). Correlation coefficient, R2, is 0.9983.

E ¼ – 0:2571T2 – 8:2143T þ 1266:3571: (2)

The temperature of AC material changes with the depth
of the pavement structure due to the influence of many
factors, such as atmospheric temperature, sun exposure,
rainfall, frost, etc. The sun’s effect on the temperature of
AC at different depths of the pavement layer can be
predicted using two (low temperature model and high
temperature model) models. This process involves a large
number of field measurements and statistical analysis [36].
The low temperature gradient model and high temperature
gradient model are shown in Eqs. (3) and (4), respectively.

Tmin¼β1 þ β2Ta,min þ β3H þ β4H
2 þ β5Tm,av , (3)

where Tmin is the daily minimum temperature (°C) of the
AC at depth H, T a,min is the local daily minimum
temperature (°C), H is the pavement depth (cm), Tm,av is
the local monthly average temperature, and b1–b5 are the
regression coefficients. For this study, experimental data,
describing the low temperature performance of AC
pavement, was obtained from Beijing. The average
atmospheric temperature during data collection was
– 4.3 °C and the daily minimum temperature, which
occurred in January, was – 15 °C. The regression
coefficients that appear in Eq. (3), b1, b2, b3, b4, and b5,
are equal to –3.399, 0.721, 0.377, 0.010, and 0.488,
respectively.

Tmax ¼ γ1 þ γ2T a,max þ γ3T a,maxH þ γ4H þ γ5H
2

þ γ6H
3 þ γ7Tm,av: (4)

In Eq. (4), Tmax is the daily maximum temperature (°C)
of the AC at depth H, T a,max is the local daily maximum
temperature (°C), H is the pavement depth (cm), Tm,av is
the local monthly average temperature, and g1–g5 are the
regression coefficients. Experimental data describing the
high temperature performance of AC pavement was also
collected in Beijing. The average atmospheric temperature
during data collection was 26.2 °C and the daily maximum
temperature, which occurred in July, was 36 °C. The
regression coefficients that appear in Eq. (4), g1, g2, g3, g4,
g5, g6, and g7, are equal to 3.04, 0.994, –0.007, –1.676,
0.201, –0.008, and 0.498, respectively.
Using Eqs. (1)–(4), the relationship between the elastic

modulus of AC and the depth of the pavement structure at
low and high temperatures can be described. This
relationship is shown in Fig. 3.

Fig. 2 Test data of elastic modulus of asphalt concrete at
different temperature condition
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3 FEM modeling in space and materials

3.1 Finite element modeling of pavement structure and load

This section deals with the finite element modeling of the
pavement structure. A three-dimensional (3D) model was
developed using ABAQUS, version 6.14. In the finite
element model, the eight-node, linear brick elements
(C3D8R) were used to represent the finite domain of the
pavement structure, and the infinite elements (CIN3D8)
were used at model boundary to decrease the potential
large number of far field elements without significant loss
of accuracy [21]. The model, as shown in Fig. 4(a), had
dimensions 10 m along the vertical z direction, 5 m along
the lateral (or transverse) y direction, and 5 m along the

longitudinal x direction. This model consisted of four
layers, with the top layer being the AC overlay with a
thickness of 0.1 m, the second layer being the old AC layer
with a thickness of 0.18 m, the third layer being the
granular base layer with a thickness of 0.35 m, and the
fourth (bottom) layer being the subgrade layer with a
thickness of 9.37 m, a value far greater than that of the
other structural layers [37–39].
The bonds between the AC overlay and old AC layer

was relatively weak, generally being in a semi-smooth
state. This type of interlayer contact was due to transmis-
sion stress; other layers fully bonded to each other due to
long-term use. Actually, the contact between structural
layers is a complex boundary of non-linearity, and contact
area or pressure varies with external load [40]. To simulate
the interlayer contact state between the AC overlay and old
AC layer of pavement, the PENALTY function friction
model was used. A non-embedding contact area is
represented using the PENALTY function friction model
which allows me to derive the penalty term, which is then
used in the potential energy model. Thus, the contact
problem is transmitted to the PENALTY function, where it
can be solved using ABAQUS [40–42]. The interlayer
friction coefficient was 0.5 when considering the low or
high temperature modulus gradient. The effects of the
interlayer boundary conditions on the mechanical beha-
viors of pavement were also discussed. Two types of
interlayer boundary conditions were considered in this
study. Firstly, the friction coefficients (f) between the AC
overlay and the old AC layer were 0.2 to 1.0, and the
interlayer bonding state was nearly continuous when the
friction coefficient equaled 1.0. Secondly, the interlayer
interaction properties were set as bonding constrains

Fig. 3 Variation of elastic modulus of AC versus depth of
pavement structure

Fig. 4 Illustration of the developed 3D finite element modeling. (a) Boundary conditions and double circle loads; (b) element mesh
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(pavement structure as a whole) when the AC overlay fully
bonded to the old AC layer, represented by LX (a symbol
used to characterize completely continuous) [43–45].
Figure 4(b) illustrates the mesh of the 3D finite element

pavement model in a 3D view. The accuracy of stress was
affected by the size of the mesh in the region where stress
changed sharply. Therefore, the stress corresponding to
different mesh densities should be calculated to investigate
whether or not convergence was achieved. After completed
this self-check work, fine mesh was used around the
loading area (0.5 m� 0.5 m), while relatively coarser mesh
was used as the distance to the load center increased in this
study. Hence, the size of elements within the loading area
was selected to be 0.015 to 0.02 m in the transverse and
longitudinal directions. The element thicknesses were
selected to be 0.02 m for the AC overlay and old AC layer,
0.02 to 0.05 m for the base layer, and 0.05 to 0.075 m for
the subgrade layer. Coarser mesh was used as the depth
increased [46–48].
The typical heavy vehicle, weighing 100 kN, used for

the isotropic linear elastic analyses, was also used here in
its distributed load form, which considered to be
distributed over a symmetrical double circular area of a
213.0 mm diameter. The model’s two loading circles are
symmetric to the y-z plane, and the distance between two
centers of circles is 1.5d (d is the diameter of the circle load
area, 1.5d = 319.5 mm) at a magnitude of 0.7 MPa, as
shown in Fig. 4(a) [47,49].

3.2 Modeling the material behavior of layers

This section briefly describes the transversely isotropic
characteristic and modulus gradient properties of the
pavement structure. The properties of the pavement layers
used for the elastic analysis are shown in Table 1 [1,37,50–
52].
To analyze the effects of transversely isotropic char-

acteristic of AC (including the AC overlay and old AC
layer) on the mechanical behaviors of pavement structure,
transversely isotropic coefficients α were considered to be
0.3, 0.5, 0.7, or 1.0 (isotropic) for AC materials (the
vertical elastic modulus, Ev, is assumed to be fixed and the
horizontal elastic modulus Eh= αEv). This study also
considers the idea that old AC deteriorates to a certain
degree due to its long-term use and that the vertical
modulus of elasticity of the old AC was reduced to a
certain extent in this study (Eh= 1200 MPa). In addition,

for investigation of the influence of the modulus gradient
properties of AC (mainly for AC overlay) on the response
of pavement, the relationship between the elastic modulus
of AC and the depth of the pavement structure (as shown in
Fig. 4) were used to perform the vertical elastic modulus of
the AC overlay at different depths. The grade finite element
of asphalt pavement was used in this study. The work of
Buttlar et al. [29] contains an excellent discussion on this
matter, which is also briefly described in this paper. Before
using this method, a theoretical formulation for grade finite
element method was provided followed by an implementa-
tion using the user material subroutine (UMAT) capability
of the ABAQUS program. One advantage of this method is
the ability to model modulus gradient properties of AC in a
single pavement layer. One example of such properties is
the stiffening effect caused by aging of the top layer of AC
and modeling. Another advantage to using the aforemen-
tioned method is that modulus gradient between two
conterminal layers can be modeled using a smooth
transition of material properties, rather than a sharp
transition as in the traditional method [18,29,53,54].

4 Numerical results and discussion

4.1 Analysis for the effects of low temperature modulus
gradient

First, the effects of degree of AC transverse isotropy on the
vertical surface deflection was investigated, which con-
sidered the low temperature modulus gradient of AC
overlay. The distributions of surface deflection Uz on the
AC overlay is plotted in Fig. 5. The results show that the
surface deflection of the overlay decreased with the
increase in distance to load center when the distance was
greater than 0.16 m (from the center of circular loading
area), and the maximum value appeared near the center of
the circular loading area. Variation in surface deflection
near the loading area was small. It should be noted that the
value of the surface deflection increases slightly with the
decrease in transversely isotropic coefficient α. In
comparison to the intermediate temperature condition
(25 °C), the change in the surface deflection near the
loading area was relatively slow, but the regions influenced
by pavement structure deformation changed dramatically
when the same load was applied. This fact has an important
implication for the designing and analyzing asphalt

Table 1 Geometry and materials of pavement

layer elastic modulus (MPa) Poisson’s ratio thickness (mm) density (kg/m3)

AC overlay ‒ 0.25 100 2400

old AC Eh= 1200α 0.25 180 2400

base 700 0.25 350 2300

subgrade 80 0.35 1 1800
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pavement overlays. A larger surface deflection may imply
that the level of rutting deformation might be under-
estimated by using isotropic elasticity analysis.
Secondly, the effect of transverse isotropy on the shear

stress and shear strain at different depths of AC overlay
were studied. Figures 6 and 7 show the relationship of the
transversely isotropic coefficient, α, with shear stress and
shear strain at different depths, taking into consideration
the low temperature modulus gradient of AC overlay.
Figures 6 and 7 indicate that the shear stress and shear
strain at the depth of about 3.0 cm near the maximum,
under different degrees of transversely isotropic conditions
(α = 0.3, 0.5, 0.7, 1.0), and the maximum shear stress/strain
are 136.96 kPa/885.35 με, 144.89 kPa/936.56 με, 147.67
kPa/954.56 με, and 148.28 kPa/958.51 με, respectively.
The shear stress and shear strain at the depth of 0 to 4.0 cm
are great affected by the transversely isotropic coefficient,
α (shear stress and shear strain increased with the increase
in the value of α), while it is only slightly affected by the

transversely isotropic coefficient α at the depth of 4.0 to
10.0 cm (shear stress and shear strain decreased with the
increase of α). At the same time, it can be seen from Figs. 6
and 7 that the peak value of shear stress and shear strain
were obviously reduced with the decrease in the value of α.
The shear stress and shear strain at the depth of 4.0 to
10.0 cm under transversely isotropic conditions (α = 0.3,
0.5, 0.7) were greater than those of the isotropic condition.
It is suggested that the shear stress and shear strain level
might be underestimated by use of isotropic elasticity
analysis.

4.2 Analysis for the effects of high temperature modulus
gradient

The relationship of transversely isotropic coefficients to the
surface deflection with varying distances to the load center
are presented in Fig. 8, which takes into consideration the
high temperature modulus gradient of the AC overlay.
Figure 8 shows that the surface deflection decreased with
increase in the distance to the load center when the distance
greater than 0.16 m (from the center of circular loading
area). The maximum surface deflection value appeared
near the center of the circular loading area; this changing
trend near the loading area is very obvious. It should be
noted that the peak value of surface deflection was smallest
when the transversely isotropic coefficient, α, equals to 0.3
(Uz= – 611.60 mm), and the crest of surface deflection was
largest when the transversely isotropic coefficient α equals
to 1.0 (isotropic, Uz=–661.90 mm). When the distance to
the load center was more than 0.45 m, the surface
deflection decreased with the increase of α. The minimum
surface deflection occurred when α is equal to 1.0
(isotropy). In comparison to the intermediate temperature
(25 °C), the surface deflection exhibited a steep increasing
trend when considering the high temperature modulus
gradient of AC overlay.

Fig. 5 Surface deflections at low temperature

Fig. 6 Shear stresses of AC overlay at low temperature

Fig. 7 Shear strains of AC overlay at low temperature
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Figures 9 and 10 demonstrate the relationships of
transversely isotropic coefficient, α, with shear stress and
shear strain at different depths, taking into consideration
the high temperature modulus gradient of AC overlay.
Figures 9 and 10 indicate that the shear stress and shear
strain occur at a depth of about 2.0 to 3.0 cm near the
maximum under different transversely isotropic conditions
(α = 0.3, 0.5, 0.7, 1.0). The shear stress and shear strain at a
depth of 0 to 4.0 cm are greatly affected by the transversely
isotropic coefficient (shear stress and shear strain increased
with the increase in the value of α) while it is only slightly
affected by transversely isotropic coefficient, α, at the
depth of 4.0 to 10.0 cm (shear stress and shear strain
decreased with the increase of α). At the same time, it can
be seen from Figs. 9 and 10 that the peak value of shear
stress and shear strain were greatly reduced with the
decrease of α. The peak value of shear stress decreased by
about 12% and the peak value of shear strain decreased by
about 16%. A greater shear stress and shear strain at the

depth of 4.0 to 10.0 cm may imply that the shear stress and
shear strain level for fatigue failure might be under-
estimated by using isotropic elasticity analysis.

4.3 Analysis for the effects of interlayer boundary condition

Figure 11 depicts the relationships between the maximum
surface deflection and the interlayer bonding condition
under different transversely isotropic conditions. We can
see from Fig. 11 that the maximum surface deflection
obviously increased with the degradation of the interlayer
bonding condition (the interlayer friction coefficient, f,
decreased). When full bonding, LX, had taken place, the
surface deflection was less than that of a model with
incomplete bonding. The surface deflection was larger as
the degree of anisotropy of AC material enlarged
(transversely isotropic coefficient, α, decreased). When

Fig. 8 Surface deflections at high temperature

Fig. 9 Shear stresses of AC overlay at high temperature

Fig. 10 Shear strains of AC overlay at high temperature

Fig. 11 Maximum surface deflection under different interlayer
boundary condition (absolute value)
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the value of f was equal to 0.1, the maximum surface
deflection was 421.55 mm when α was equal to 0.3, while
the maximum surface deflection was 375.69 mm when α
was equal to 1.0. Under these conditions, isotropy reduced
by nearly 11%. Figure 12 shows that the horizontal tensile
strain at the bottom of the overlay was affected by the
interlayer bonding condition as well as the transversely
isotropic characteristic of AC. It is apparent that the tensile
strain results decreased with respect to the interlayer
bonding condition (the interlayer friction coefficient, f,
increased). The friction coefficient, f, was equal to 1.0. The
tensile horizontal tensile strain was equal to 146.35 με
when α was equal to 0.3, and when α was equal to 1.0, the
horizontal tensile strain was only 63.38 με. This value was
reduced by nearly 57% when α was equal to 1.0 (isotropy).
One can observe that the performance of repaired and
reinforced pavements has a positive correlation with the
degree of continuity between the AC overlay and old AC
layer. Better pavement performance was observed with
better continuity. In addition, the results also indicate that
the transversely isotropic characteristics of AC cannot be
ignored.

4.4 Comprehensive analysis for the effects of transverse
isotropy

Since the pavement response to the transversely isotropic
characteristics of AC plays a very important role in design
and analysis, a comparison between the responses to
different temperatures under different transversely isotro-
pic conditions were necessary to understand the effect of
the modulus gradient of the AC overlay.
Figure 13 shows the peak surface deflection under the

different temperatures and the different transversely
isotropic conditions. It presents that the properties of the
modulus gradient (low temperature, intermediate tempera-

ture, and high temperature) of AC overlay have significant
effects on the peak surface deflection under the same
transversely isotropic coefficient, α. Surface deflection is
the largest, considering the high temperature modulus
gradient properties of the AC overlay, and the lowest value
appeared in the low temperature modulus gradient proper-
ties.
In addition, the maximum surface deflection increased

under high temperatures, and the maximum surface
deflection decreased under low and intermediate tempera-
tures as α increased. Note that the range in variation was
small. There are two groups of road deformation (α = 0.3
and α = 1.0) for nephogram of surface deflections corre-
sponding to low temperature, intermediate temperature,
and high temperature from Table 2. It also indicates that the
transversely isotropic characteristic of the AC overlay had
a certain degree of influence on the peak surface deflection,
but this influence was small.
Horizontal tensile strain in the bottom of the AC overlay

is the key index to control the fatigue cracking of AC
overlay. Figure 14 provides the horizontal tensile strain at
the bottom of the overlay under different temperatures
transversely isotropic conditions. Figure 14 shows that the
horizontal tensile strain at the bottom of the AC overlay
increased with the decrease in the value of α under low,
intermediate, and high temperatures. It should be noted
that the horizontal tensile strain at the bottom of the AC
overlay increased more significantly under intermediate
and high temperatures. It was shown that the transversely
isotropic characteristic of AC is not good for resistance to
fatigue cracking. In addition, the horizontal tensile strain at
the bottom of the AC overlay was the largest with high
temperature modulus gradient, and it was the smallest with
low temperature modulus gradient properties of the AC
overlay. It was shown that the increase in the modulus of
the AC overlay reduced the bottom tensile strain of the

Fig. 12 Horizontal tensile strain at the bottom of the overlay
(different interlayer boundary condition)

Fig. 13 Maximum surface deflection under different temperature
conditions (absolute value)
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overlay, which is beneficial to the pavement’s resistance to
fatigue cracking.
The compressive strain at the top of the soil foundation

is an important index for rutting. It can be seen in Fig. 15
that the compressive strain at the top of the subgrade under
low, intermediate, and high temperatures increased with
the decrease in the value of α. The compressive strain
under high temperature modulus gradient properties of AC
overlay was the largest and the smallest was under low
temperature modulus gradient. The following three con-
clusions are presented here: 1) The transversely isotropic
characteristic of AC has a great impact on the compressive
strain depending on the overlay material’s temperature
modulus properties at the top of subgrade layer; 2) the anti-
rutting ability of pavement is lower than that of traditional

pavement when considering the transversely isotropic
characteristic of AC; and 3) appropriately increasing the
modulus of AC overlay can reduce the compressive strain
at the top of the subgrade layer, thus prolonging the rutting
of pavement.

5 Uncertainty and sensitivity analysis

The uncertainty input parameters inherently create varia-
tion in the finite element modeling (FEM) model output.
SA is the study of how much the FEM model output is
affected by changes in the input parameters [14,15,55–57].
The objective of SA in this paper is to quantitatively assess
the effect of uncertain parameter, i.e., transversely isotropic

Table 2 Nephogram of surface deflections under different temperature conditions

α low temperature intermediate temperature high temperature

0.3

1.0

Fig. 14 Horizontal tensile strain at the bottom of overlay
(different temperature conditions)

Fig. 15 Vertical strain at top of subgrade (different
temperature conditions)
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coefficients, on the mechanical behavior of AC overlay,
i.e., the surface deflection, shear strain, and shear stress of
AC overlay. In this section, the definition of the parameters
and their types, mean, and standard deviation are
summarized in Tables 3 and 4.
The uncertainty in the FEM model input parameters

inherently creates variation in the model output. Quantify-
ing such variation requires the determination of standard
deviation of the model output, as shown in Tables 3 and 4.
In addition, the standardized regression coefficients (SRC)
is an SA method which is based on the linear regression
analysis. The output, R = f(I1, I2, …, In), is computed by
the FEM model for the input parameters I = (I1, I2, …, In).
Once the regression coefficient ai is computed for i-th input
parameter, Ii, the value of SRCi could be calculated as [14]:

SRCi ¼ aibi=cr, (5)

where bi and cr are the standard deviations of Ii and R,

respectively. Note that the bigger value of SRC, the more
sensitive of the FEM model with respect to the input
parameter I.
According to Section 4, transversely isotropic coeffi-

cients have different degrees of influence on different
outputs, i.e., the surface deflection, shear strain, and shear
stress of AC overlay. In this section, the SA of the outputs
affected by the change of transversely isotropic coefficients
is achieved. Figure 16 depicts the sensitivity indices based
on SRCs method. Figure 16(a) demonstrates the sensitivity
indices of the effects of transversely isotropic coefficient
on the maximum surface deflection, maximum shear stress,
and maximum shear strain of AC overlay at low
temperature condition––The SRC values are 0.0139,
0.0449, and 0.00288, respectively. Figure 16(b) shows
the sensitivity indices of the effects of transversely
isotropic coefficient affecting on the maximum surface
deflection, maximum shear stress, and maximum shear

Table 3 Statistical properties of input parameters and outputs at low temperature condition

parameter definition (unit) types mean standard deviation

transversely isotropic coefficient α input 0.625 0.2986

Max. surface deflection Uz (mm) output – 303.70 9.7885

Max. shear stress s (kPa) output 144.45 4.5092

Max. shear strain ε (με) output 933.75 29.1401

Table 4 Statistical properties of input parameters and outputs at high temperature condition

parameter definition (unit) types mean standard deviation

transversely isotropic coefficient α input 0.625 0.2986

Max. surface deflection Uz (mm) output – 647.75 19.2922

Max. shear stress s (kPa) output 119.5 6.5383

Max. shear strain ε (με) output 927.5 102.3196

Fig. 16 Sensitivity analysis of the effect of anisotropic coefficients on AC overlay mechanical behaviors, i.e., Max. surface deflection,
shear stress, and shear strain. (a) Low temperature condition; (b) high temperature condition
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strain of AC overlay at high temperature condition––the
SRC value are 0.02977, 0.0576, and 0.00892, respectively.
We can see from these SRC values that the maximum shear
stress in the AC overlay is the most important output
parameter affected by the transversely isotropic coeffi-
cients at low and high temperature conditions.

6 Conclusions

When analytically comparing the mechanical behavior of
the transversely isotropic and isotropic model under a
constant static load, differences are seen in terms of
deflection, strain, and stress. In addition, the SA method
was also used to study howmuch the mechanical behaviors
of AC overlay are affected by changes in the model input
parameter, i.e., transversely isotropic coefficients. Based
on the preceding models, one can draw the following
conclusions:
1) It was found that the transversely isotropic char-

acteristic of AC had no obvious effect on the surface
deflection of the AC overlay pavement. However, the
transversely isotropic characteristic of AC has a larger
influence on the shear stress and shear strain of the overlay
in comparison to its deflection. All of these features
increased with decreases in the transversely isotropic
coefficient, α, of AC.
2) The mechanical behavior was more obvious when

the modulus gradient properties of the AC overlay,
determined by temperature, were considered. Under low
temperature conditions, the mechanical behavior was less
obvious in comparison to intermediate and high tempera-
tures.
3) There was a positive correlation between pavement

performance and the bonding state of the boundary
between the AC overlay and old AC layer. In other
words, pavement performance improved with continuity
between the layers.
4) The maximum shear stress in the AC overlay was the

most significant output parameter affected by the trans-
versely isotropic coefficients.
5) The above facts have important implications for the

repair and reinforcement of existing pavements. Current
studies that use isotropic elasticity analysis may under-
estimate the mechanical behaviors of the pavement.
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