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Abstract

With the rapid development in the field of road traffic, the problems of
slip cracking and U-shaped cracks on the surface of asphalt pavement are
becoming more and more prominent, which seriously affect the safety and
service life of roads. In order to solve this problem, a reliable asphalt pave-
ment model is established in this study by combining the joint simulation
and secondary development of experimental test parameters. The model can
accurately simulate the slip cracking of asphalt pavements under different
conditions and provide detailed parametric analysis of the factors affecting
crack development. The results show that the inter-ply bond damage no
longer deteriorates when the inter-ply strength is 0.3 MPa, indicating that the
form of inter-ply contact plays a role in controlling the development of slip
cracks. In addition, the maximum interlayer shear stress increased by 21.1%
during the increase of vehicle axle load from 100 kN to 200 kN on the asphalt
pavement, which led to an increase in the length of slip cracks. Meanwhile,
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the maximum longitudinal tensile stress in the asphalt pavement surface layer
increased by 10.2% and the maximum shear stress increased by 18.3% when
the elastic modulus of the asphalt pavement surface layer was increased from
7500 MPa to 14500 MPa.

Keywords: Asphalt pavement, extension mechanics, U-shaped crack exten-
sion, slip crack mechanics, parameter testing, gray correlation.

1 Introduction

The rapid development in the field of transportation has marked entry into a
new era based on the construction of high-grade highways such as express-
ways and primary roads. At present, highways have become an important
transportation facility supporting the economic development of countries
around the world. By the end of 2020, the total mileage of highways in China
has reached 16.1 million kilometers and is in first place in the world [1].
In the construction of highways around China, asphalt pavement is widely
used for its advantages such as good surface levelness, no seepage joints, low
vibration, low noise, comfortable driving, and can be built in stages [2, 3]
Nowadays, more than 80% of highways in China use asphalt pavement [4]
With the popularity of asphalt pavement, the research and management of
asphalt pavement diseases are very important. Slip cracks are common in
asphalt pavement soon after construction, especially at longitudinal slopes,
road intersections, parking points, etc [5]. Slip cracks are commonly found in
asphalt pavements shortly after construction, especially at long longitudinal
slopes, road intersections, and parking lots. Slip cracks are usually caused
by the poor bonding between the top layer and the middle layer of the
asphalt pavement and the huge horizontal force on the top layer which cannot
be transferred to the bottom layer well, thus leaving the top layer to bear
alone and causing the surface to be pulled and cracked [6]. The surface is
cracked and damaged. Therefore, in some road sections with high traffic
flow, the load generated by vehicles varies greatly and has a large impact
on the pavement structure, which can easily cause damage to the pave-
ment structure function [7]. In longitudinal slope road sections, the frequent
acceleration of vehicles when climbing and frequent braking when going
downhill, especially large load vehicles, will make the pavement produce a
large longitudinal shear force in the longitudinal direction of traffic. When
the shear resistance between layers of asphalt pavement is poor, it is very
easy to cause longitudinal slip cracks. Yared H et al. [8] studied the effect of
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two-wheel axle loading on the generation of surface cracking and fatigue life
of pavement surface by establishing a finite element asphalt pavement model
based on fracture mechanics, the ad also concluded that a thicker surface layer
would reduce the probability of surface cracking. Emery [9] proposed that in
addition to tensile and shear stresses, surface cracks in asphalt pavements
are also related to fatigue stresses, interlayer strength, temperature stresses,
and the strestrongdient of asphalt materials. Sangpetngam [10, 11] used the
energy ratio theory as a basis for determining the direction of crack generation
and crack expansion. The cracking mechanism of asphalt pavement surface
cracks was analyzed by using ABAQUS finite element software to establish a
three-dimensional model of asphalt pavement surface cracks [12-14], taking
into account the stiffness gradient of the asphalt material, tire-pavement
contact, and temperature stress. The method used in literature 14 et al.
analyzed the cracking mechanism of asphalt pavements under static loads
only by using ABAQUS finite element software, without considering the
input of dynamic loads comprehensively. He Wei [15-17] Combining triaxial
repeated load test, freeze-thaw splitting test, rupture test, etc. and finite ele-
ment simulation, it was concluded that overloading is an important reason for
the formation of surface cracks in asphalt pavement. In addition, many other
studies have been conducted through experiments and field research [18] and
established finite element simulations to discuss the influencing factors of
asphalt pavement surface crack expansion respectively, and it is considered
that the tensile stress caused by temperature drop is a very large influencing
factor.

The formation of slip cracks often occurs first with interlayer slippage,
followed by U-shaped cracking of the asphalt pavement surface layer due to
excessive vehicle loading. This type of disease is more common in asphalt
pavements and is usually divided into three stages, as shown in Figure 1,
and has a greater impact. And mostly based on field sampling analysis as
well as experimental methods. Bognacki et al. [19] sampled and analyzed

Figure 1 Slip cracks under mechanical action (a) Minor cases (b) Medium case (c) Severe
cases.
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the sections of airport roads where sliding occurred and studied the use
of construction aggregates. Hachiya et al. [20] proposed methods and con-
siderations for improving the interlayer strength by changing the interlayer
bonding material [21]. The experimental analysis obtained that the inter-ply
slip phenomenon occurs when the inter-ply shear stress of asphalt pavement
under tire action is greater than its inter-ply shear strength, resulting in an
inter-ply slip on the pavement surface and leading to slip cracks in the surface
layer. Jon A. Epps et al. [22-25]. Summarized a large number of actual
cases to conclude that the areas prone to slip cracking such as airports and
highways often have large shear stresses, and pointed out that the main cause
of slip cracking is the shear strength of the interlayer interface. There are also
various simulation means or analysis methods on slip cracking studies, which
effectively enhance computational efficiency [26-33].

The above studies have important implications [34—37]. But all of them
have shortcomings in the research. On the one hand, the pavement slip
cracking model considered in the above literature, using a quasi-dynamic
model, does not take into account the combination of measured kinetic data
with simulation and the secondary development of a joint kinetic model that
is more consistent with the actual situation. On the other hand.

The contact relations between the surface layer-surface layer and surface
layer-subgrade layer in previous studies are relatively set simple, mostly
smooth or continuous, which differs greatly from the real asphalt pavement
interlayer bonding situation. Therefore, in this study, based on a comprehen-
sive study of a large number of domestic and international studies, a method
based on the input of kinetic measured data, programming, and XFEM is
proposed for the study of highway semi-rigid asphalt pavements. In addi-
tion, the cohesive zone intrinsic structure model is considered to develop a
comprehensive study of asphalt pavement surface slip crack extension.

2 Mechanical Model

In this paper, a refined intrinsic structure model combining MATLAB sec-
ondary development and finite elements is established for the study of crack
extensions on the surface layer of asphalt pavement as well as slip cracks
for an engineering example of semi-rigid asphalt pavement on a highway.
The implementation of extended finite elements in ABAQUS requires spe-
cial settings in the interaction module, which requires selecting a specific
region as the computational region of the XFEM and defining its material
parameters appropriately. The MATLAB control program is run to define
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the damage criterion for the material as well as the damage evolution law.
In the subsequent study, simulations of the actual working conditions are
performed by applying the corresponding parameters of the measured vehicle
dynamics. Finally, the XFEM crack-related parameters are output in the
output variables.

2.1 Mechanical Characterization and Evaluation of Cracks

For XFEM of semi-rigid asphalt pavement projects, the discontinuity func-
tion is chosen to be introduced to achieve a local approximation to the crack
resolution theory. The unit decomposition is constructed using a K-order
moving least squares approximation shape function, i.e.

u(@) =) ol (2)
I
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Where ¢;(x) — can be a monomial basis.
The displacement of any point within the cell u(x) can be divided into a
continuous part and a discontinuous part, i.e.

U = Ucont T Udisc ()

where Uy, 18 continuous in €2, u 4. is discontinuous in €2, and the disconti-
nuity is at the crack surface.

A conventional finite element approximation is used to solve the contin-
uous part of, i.e.

Ucont = Z Nz(w)uz (3)
iENs
where N° — the set of all nodes in the discrete domain; N; — the node shape
function; u; — the node displacement.

For the discontinuous part, it can be further divided into two cases, which
are units without crack tips and with cracks completely cut, and units with
crack tips that have not been completely cut. The discontinuous displacement
of the former can be expressed as Equation (4), and the latter can be expressed
as Equation (5).
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where,

H(x) — generalized Heaviside function (step function), equal to 1 on
one side of the crack and —1 on the other side of the crack.

Ncut _ set of nodes where the support domain of the form function is
completely cut by cracks.

NP _ the set of nodes where the support domain of the form function is
partially cut by the crack, i.e. the set of nodes where the support domain
of the form function contains the crack tip.

ai, b} — node enhancement variables.

In this study, the maximum principal stress damage criterion is chosen
for achieving the free expansion of cracks within the structure. One of the
maximum principal stress damage criteria is as follows.

f= { <Zg“"> } (6)

max

where, 0. — the maximum allowable stress value, which can be considered
as the tensile strength of the material.

Omax — Maximum principal stress.

In the calculations of this joint model, the activation or not of the XFEM

cracking mechanism is determined by the following equation.
1.0< f <10+ fi @)

where, f; — the parameter used to adjust the incremental step to ensure that
the damage criterion is met, is taken as 0.05.

2.2 Mechanical Testing of Interlayer Parameters of Asphalt
Pavements

In this experimental study, we conducted interlaminar shear strength tests
at different temperatures, using different amounts of adhesive layer materi-
als, and under the action of different adhesive layer materials. A series of
experiments were conducted to obtain data on the interlaminar properties
under different conditions. A schematic diagram of the experimental model
is shown in Figure 2. The model shows the ideal situation of interlaminar
contact. We simulated the contact behavior between different layers in the
actual asphalt pavement by placing an appropriate adhesive layer material in
the model and applying shear forces.
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Figure 2 Schematic diagram of the ideal experimental model.
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Figure 3  Straight shear test (a) Experimental test arrangement (b) Device appearance.

The arrangement of the specific experimental setup is shown in Figure 3.
In the actual test, combined with the actual working conditions, the tem-
perature was selected to test 60°C and 25°C, respectively. The sticky layer
materials were emulsified asphalt and modified emulsified asphalt, and the
sticky layer dosages were 0, 0.2, 0.4, and 0.6 kg/m?. The experimental results
are shown in Table 1. below, to obtain the shear strength parameters of various
asphalt materials between layers required for the joint simulation. In addition,
combined with the experimental results, it can be obtained that the selected
range of interlayer strength for the upper layer-middle layer in this pavement
crack cracking model is 0.1-0.5 MPa.
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Table 1 Interlaminar strength test results
Material Type Emulsified Asphalt Modified Emulsified Asphalt

Bonding
Layer
Material Maximum Shear Maximum Shear
Dosage/ Shear Strength/ Shear Strength/
(kg/m?)  Temperature/°C Force/N MPa Force/N MPa
0 25 4405 0.54 - -
60 472 0.06 - -
0.2 25 4795 0.61 5150 0.656
60 926 0.12 958 0.122
04 25 5474 0.697 5874 0.758
60 880 0.112 1088 0.139
0.6 25 5298 0.675 6272 0.799
60 812 0.103 1057 0.135
Table 2 Pavement structure and material parameters
Structural Layer Materials  Thickness/cm  Modulus/MPa  Poisson’s Ratio
Upper layer AC-13 4 12900 0.25
Middle surface layer AC-20 5 12500 0.35
lower layer AC-25 6 14500 0.35
Grassroots 5% CTB 20 13500 0.25
Substrate 3% CTB 25 13000 0.25
Road base Soil base 540 100 04

2.3 Kinetic Slip Cracking Model of XFEM

The road structure model is simplified into a multi-layer elastic system with
an additional spring-damping effect, and the roadbed is an elastic half-space
body. In addition, the computational cost of the refined model can be greatly
improved by batching parameter input and optimal control of the Matlab
program. As shown in Table 2.

In a practical implementation, the numerical simulation and analysis of
cracks can be performed by modeling the crack geometry and inputting the
corresponding boundary conditions and material parameters into the finite
element software. The software will use the local approximation of crack
resolution theory to calculate the stress and strain fields around the crack and
further analyze the crack extension and effects. The kinetic theory analysis
and finite element model are shown in Figure 4. When simulating the vehicle
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Figure 4 Joint finite element model under dynamic load.

Table 3 Wheel load and contact results of actual tests
Axial Load/kN  L*m 0.6L/m d/m  Grounding Pressure/MPa

100 0225 0.155  0.164 0.700
120 0.239  0.165  0.155 0.744
140 0252  0.174  0.146 0.783
160 0263  0.182  0.138 0.819
180 0274  0.189  0.131 0.852
200 0284  0.196  0.124 0.882

load in the area of action of the asphalt pavement, the reasonable study and
description of the set parameters of the tire-pavement contact surface and the
mechanical parameters is a very important step in the modeling.

Combined with the actual test results of wheel load contact with the
ground, the tire grounding shape and grounding pressure were calculated for
different axle load cases, and the results are shown in Table 3 below.

3 Surface Slip Cracking of Asphalt Pavement

During vehicle driving and braking, too low interlayer bond strength or
insufficient surface material strength may produce interlayer slip in asphalt
pavement and further lead to slip cracking. Through kinetic simulation, the
asphalt surface layer slip crack formation level expansion law is studied.
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3.1 Stress Field of Pavement Under Horizontal Load Before Slip

Extracting the stress field of the pavement under horizontal loading before
the slip occurred. As shown in Figure 5, the transverse distribution of tensile
stresses also shows that the tensile stresses behind the wheel tracks are at
their peak, and the further away from the back of the wheel tracks the tensile
stresses decrease sharply, even at the edge of the stress encryption zone
the road surface is in a state of compression. The longitudinal tensile stress
mainly acts in the upper layer and the middle layer is at the maximum value
at the road surface, and gradually decreases from top to bottom before cracks
appear, and the longitudinal tensile stress gradually tends to zero when the
depth is located in the lower layer and below, that is, slip cracking often
occurs only in the upper layer. Combined with the huge change in the value
of tensile stress when the vehicle is braking, it can be considered likely that
the asphalt pavement wheel track behind the higher longitudinal tensile stress
produces open-type cracks along the direction of travel.

It can be seen that the shear stress on the pavement is mainly distributed
on both sides of the wheel track, and combined with Figure 5(a), it can be
seen that the shear stress on the pavement on both sides of the wheel track is
in opposite directions, and its absolute maximum value appears on the outer
side, while the shear stress on the pavement inside the wheel track is relatively
small; as the transverse distance increases and reaches the outer side of the
wheel track, the shear stress value reaches its peak and gradually decreases.
In the depth direction, as shown in Figure 6, the maximum value of shear
stress appears at the road surface, and mainly acts on the upper layer, almost
75% of the shear stress is concentrated in the upper layer, and the value of
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Figure 5 Longitudinal tensile stress cloud (a) Road surface cloud map (b) Cloud map of the
depth along the road surface.
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Figure 6 Shear stress cloud (a) Road surface cloud map (b) Depth cloud map along the road
surface.

shear stress gradually decreases as it goes from top to bottom. In summary,
it can be concluded that the larger shear stresses on both sides of the wheel
track may lead to shear damage on both sides of the wheel track.

3.2 Pavement Structure Stress Field After the Initial Crack
Generation

The process of asphalt pavement slip cracking is that the tensile stress in
the direction of travel on the upper layer reaches the tensile strength of its
material, producing an initial long crack in the transverse direction, followed
by an oblique crack at approximately 45° to the initial crack due to the
shear stress on both sides of the wheel track, and finally forming a U-shaped
crack. In this section, the generation of its initial crack and the expansion
after the generation of the initial crack will be studied. The initial crack can
be seen as a 1.4 cm X 15 cm crack surface perpendicular to the pavement,
and the crack starts from the surface of the upper layer, and crack does not
penetrate the upper layer at this time. The longitudinal tensile stresses on
the asphalt pavement after the introduction of the initial crack are shown in
Figure 7(b). It can be seen that after the introduction of the initial crack,
the stress along the depth direction at the crack in the surface layer of the
asphalt pavement has reached the cracking stress strength, so the crack will
penetrate the surface layer of the pavement; the longitudinal tensile stress
at the middle surface layer directly below the initial crack has not reached
the starting condition of cracking. Therefore, it can be assumed that after
the cracking of the asphalt pavement surface layer, further expansion will be
carried out only in the asphalt pavement surface layer.
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(2)t=0.0000s (b)t=0.0036s (c) t=0.0101s

(d)t=0.0107s (e)t=0.0116s (H)t=0.0134s-0.1s
Figure 8 STATUSXFEM cloud at the crack.

3.3 Crack Extension Direction Study

The variation of STATUSXFEM at the midpoint of the precast crack at
different times is shown in Figure 8, and the crack expansion path has been
bolded. It can be seen from the figure that when the vehicle is braking, the
instantaneous tensile stress on the road surface is huge, so much so that the
tensile stress at the vertical crack tip of the crack reaches 0.6 MPa at 0.0036 s
causing it to start expanding. The thinness of the upper layer caused the crack
to have penetrated the upper layer at 0.0134 s. Because this is not only the
midpoint of the precast crack, but also the maximum tensile stress, the vertical
expansion rate here is the fastest and the shortest time, and the other locations
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of the crack start to continue to expand laterally and U-shaped expansion
in the direction of travel after 0.0134 s. Combined with Figure 8, it can be
learned that the crack did not extend on the middle surface layer due to the
presence of viscous layer oil to offset part of the stress transmission from top
to bottom.

Where, when STATUSXFEM=0, the model crack has not reached
the damage initiation criterion, then the crack has not expanded; when
0<STATUSXFEM<1, the model crack has met the damage initiation cri-
terion, at this time the material began to accumulate damage, cracks
began to appear, but did not appear macro cracking and expansion; when
STATUSXFEM > 1, the At this time, the damage accumulation has exceeded
the critical value, the macroscopic crack formally opened and expanded.

4 Parametric Analysis of Surface Slip Cracking in Asphalt
Pavements

The study of asphalt surface layer slip crack formation level expansion law is
closely related to the main factors such as traffic load, surface layer thickness,
interlayer shear strength, and surface layer material strength. Therefore, the
influence of the above factors on the formation of slip cracks needs to be
further analyzed.

4.1 Effect of the Interlayer Contact Form on Slip Cracking

The maximum longitudinal and maximum shear stresses on the upper layer
of the pavement for different forms of interlayer contact can be obtained by
varying the different layers, as shown in Figure 9.

When the interlayer is smooth, the maximum longitudinal tensile stress
in the upper layer is 1.362 MPa, and when the interlayer is continuous, the
maximum tensile stress in the upper layer is 0.7625 MPa, which is 44% less
than that in the case of the smooth interlayer. When the interlayer is sprayed
with viscous layer oil, the maximum tensile stress in the upper layer gradually
decreases within a certain range as the interlayer strength gradually increases,
and when the interlayer strength is 0.4 MPa afterwardards, the maximum
tensile stress stops decreasing as the interlayer strength increases and stays
at 0.769 MPa; when the interlayer is sprayed with viscous layer oil, the trend
of the maximum tensile stress in the upper layer is the same as that of the
sprayed viscous layer oil. When the interlayer strength increases gradually
from 0.1 MPa to 0.3 MPa, the tensile stress decreases gradually, and when
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Figure 9 Maximum stress under different interlayer contacts (a) Longitudinal stress
(b) Shear stress.

the interlayer strength is greater than 0.3 MPa, the maximum tensile stress in
the upper layer is stabilized at 1.227 MPa. in addition, it can be seen from the
figure that when the interlayer strength is 0.3 MPa and higher, the maximum
tensile stress in the upper layer without spraying viscous layer oil between
layers will be larger than that of the upper layer with spraying viscous layer
oil by 37.3%, on the contrary, when the interlayer strength is low, the tensile
stress on the upper layer without spraying sticky layer oil will be smaller.
The maximum shear stress on the road surface is 0.8355 MPa when the
interlayer is smooth, and the minimum is 0.5299 MPa when the interlayer
is continuous, which is 36.6% lower than the former. In the case of the same
interlayer strength, after the interlayer strength is greater than 0.1 MPa, the
shear stress suffered by the pavement surface in the case without sticky layer
oil is greater than that in the case with sticky layer oil. Within a certain range,
the shear stress on the pavement surface decreases gradually with the increase
of interlayer strength, but it is stable after the interlayer strength is 0.3 MPa,
which is 0.7612 MPa without sticky layer oil and 0.5307 MPa with sticky
layer oil, which is 30.3% smaller than the former.

The extracted interlaminar forces for different forms of interlaminar
contact are shown in Figure 10, where the stiffness degradation rate CSDMG
of interlaminar adhesion is observed for the case with sticky layer oil, and the
interlaminar contact force CSHEAR?2 in the travel direction is used for the
case without sticky layer oil.

It can be seen that when the interlayer strength in the case of unsprayed
viscous layer oil is 0.3 MPa, the maximum shear stress suffered by the layer is
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Figure 10 Interlayer forces for different contact forms.
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Figure 11 Crack extension diagram.

0.2645 MPa, and with the increase of interlayer strength this interlayer shear
stress also no longer changes; with the interlayer strength of viscous layer oil
is 0.4 MPa, the interlayer does not occur viscous failure and slip, which will
not be discussed in this section.

The calculation results of the crack extension part are shown in Figure 11.
In the figure, (a) (b) (c) is with sprayed viscous layer oil, and (d) (e) (f) is
for sprayed viscous layer oil. It can be seen that the length of the crack is
gradually shortened as the interlayer viscous strength is larger when the other
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conditions are the same with spraying sticky layer oil. And no slip cracking
occurs when the interlayer strength is greater than 0.4 MPa; when it is sprayed
with viscous layer oil, the crack length is longer and the crack opening angle
is larger compared with the interlayer viscous condition, and the crack length
reaches the maximum when the interlayer is smooth.

Combined with the above research results, it can be seen that the inter-
layer spraying of viscous layer oil will greatly reduce the size of the force
on the upper layer of the pavement, and reduce the size of its force area;
as the interlayer strength gradually increases, the probability of interlayer
slippage will gradually decrease, and the area of interlayer slippage will also
gradually decrease. Therefore, we can conclude that we should choose to use
interlayer viscous oil in actual construction, choose suitable viscous oil mate-
rial according to the cost and construction requirements and conditions, and
appropriately increase the viscous oil spraying to ensure that the interlayer
strength reaches the requirements as much as possible.

4.2 Effect of Axial Load on Slip-cracking Stress

The distribution of longitudinal tensile stresses along the center line of the
wheel track in the direction of traffic under different axle loads is shown
in Figure 12. It can be seen that as the axle load gradually increases, the
transverse tensile area of the pavement gradually increases, and the total
tensile area also gradually increases; the change law of stress distribution
before and after the slip is the same as the distribution law of tensile stress

(a) (b)
LA ~ Bifore sliding 15 - = Bedore slidimg
—— P=100KN 14 r-N —— B=100KN
——P=160KN 1 —P=160KN
—— P-200KN —— P=200KN
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[ENS Ry
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Figure 12 Comparison of wheel track stress before and after a slip (a) Before and afterslip
comparison (b) Before and afterslip comparison.
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Figure 13 Schematic diagram of interlayer adhesion failure.

in the direction of traffic, and the longitudinal tensile stress of the pavement
after the slip under the same axle load is greater, and the tensile area is wider,
and the peak position is unchanged.

In addition, the failure diagram of interlaminar adhesion damage under
the action of different axle loads is shown in Figure 13. It can be seen that
as the vehicle axle load increases, the failure area of interlaminar adhesion
gradually increases; the vehicle axle load has a very strong influence on
the force between the layers, and the increase of axle load will increase the
probability of slip lesions between the layers.

4.3 Influence of Surface Elastic Modulus on Interlaminar Forces

The maximum interlaminar shear stresses between the upper-middle pave-
ment layers under different elastic modulus conditions before the interlaminar
slip was generated are shown in Figure 14. As the elastic modulus of the upper
layer increases, the interlaminar shear stress gradually decreases, but the
decreasing trend is gradually leveling off, and the elastic modulus is 6.1% less
at 14500 MPa than at 7500 MPa. The different surface elastic moduli (7500,
1150 and 14500) were chosen for the analysis in order to investigate the effect
of surface elastic modulus on interlaminar forces and to explore its effect on
the variation of the system properties. This choice was considered based on
covering the different material properties and the available experimental data
support.
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Figure 14 Interlaminar shear stress with different elastic modulus.
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Figure 15 Schematic diagram of crack extension.

After the simulation calculation, it can be learned that with the gradual
increase of the elastic modulus of the upper layer, the damage failure area of
the interlaminar adhesion is gradually reduced, but the reduction is not very
obvious, and here the cases of elastic modulus of 7500 MPa, 11500 MPa,
and 14500 MPa are selected to talk about, and the schematic diagram of
the interlaminar bond failure is shown in Figure 15. It can be seen that as
the modulus of elasticity of the upper layer gradually increases, the adhesive
contact failure area between the layers gradually decreases, the main failure
area is directly below the front of the wheel track, and the bond failure
situation directly below the rear of the wheel track gradually gets better.
This indicates that the probability of interlaminar slip generation gradually
decreases as the modulus of elasticity of the upper layer increases, but the
decrease is not obvious under the other conditions that remain unchanged.

In addition, a comparison of the crack expansion of the pavement with
slip cracking for the cases of upper layer modulus of elasticity of 7500 MPa,
11500 MPa, and 14500 MPa respectively is shown in Figure 14. It can be
seen that, when other conditions do not change, as the modulus of elasticity
of the upper layer material gradually increases, the crack expansion appears
as follows: (1) the crack length gradually increases; (2) the U-shaped opening
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of the crack becomes smaller, i.e., the deflection angle of the crack expansion
becomes larger; (3) the growth of the inner crack length is smaller than that
of the outer one.

Combined with the above research results, it can be found that increasing
the elastic modulus of pavement surface layer material will lead to the
increase of both longitudinal tensile and shear stresses on the surface layer
of the pavement structure, which will increase the probability of pavement
cracking; on the other hand, the interlayer force on the layers will have a
certain decrease, which will reduce the probability of interlayer slippage and
damage. Considering the force situation of the pavement structure, the elastic
modulus of the pavement surface layer material selected above 12500 MPa is
more suitable.

5 Study on the Correlation Degree of Influencing Factors
Based on Grey Correlation Theory

Gray correlation analysis is the use of gray correlation order [34] to charac-
terize the strength, magnitude, and order of the relationships between factors,
which can be used to determine the degree of influence between system fac-
tors or the degree of influence of factors on the main behavior of the system.
In this section, gray correlation theory will be used to investigate the degree
of influence of each influencing factor on several major stress components
that lead to pavement slip cracking.calculated as shown in Equation (8).

Ay = |Yio — Y| 3
The gray correlation coefficient r;; is calculated as shown in Equation (9).

ri = AAmm + pAmax 9)
i + pAmax
where A i, denote the minimum and maximum values of all absolute differ-
ences. A;; respectively. p — Resolution factor 0 < p < 1 generally takes the
value of.

The gray correlations of each stress component of interlayer strength,
axial load, and elastic modulus of the upper layer were calculated separately
and summarized as shown in Table 4. For the longitudinal tensile stress,
which is the main cause of tension cracks at the bottom of U-shaped slip
cracking in asphalt pavement, the degree of influence of each influencing
factor is axial load > interlayer strength > modulus of elasticity of the upper
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Table 4 Gray correlation of different influencing factors

Longitudinal Tensile Shear Interlayer Shear
Stress (MPa) Stress (MPa) Stress (MPa)
Interlayer strength 0.6671 0.6630 -
Axle load 0.7805 0.7268 0.5537
Modulus of elasticity 0.5728 0.5737 0.5833

layer; for the shear stress, which is the main cause of shear cracks on both
sides of U-shaped slip cracking in asphalt pavement, the degree of influence
of each influencing factor is: axial load > interlayer strength > modulus of
elasticity of the upper layer For the main cause of interlayer shear stress of
interlayer slip damage, the degree of influence of each influencing factor is
the interlayer modulus of elasticity > axial load.

6 Conclusion and Discussion

(1) Interlayer bonding damage leads to separate stress on the surface layer of
asphalt pavement; the longitudinal tensile stress behind the wheel track
leads to cracking at the bottom of the U-shaped crack; under the action
of shear stress, both sides of the wheel track deflect toward the direction
of crack expansion, forming U-shaped cracks.

(2) After the interlayer strength is 0.3 MPa, the interlayer bonding dam-
age is no longer deteriorated; the use of interlayer cohesive layer oil
and increasing interlayer strength can improve the damage of asphalt
pavement surface slip cracks.

(3) When the vehicle axle load increased from 100 kN to 200 kN, the
maximum longitudinal tensile stress of asphalt pavement surface layer
increased by 62.6%, the maximum shear stress increased by 57.3%,
and the maximum interlayer shear stress increased by 21.1%, and the
interlayer bond damage area also gradually increased, and the length of
the final slip crack gradually increased.

(4) In the process of increasing the modulus of elasticity of asphalt pave-
ment surface layer from 7500 MPa to 14500 MPa, the maximum
longitudinal tensile stress of asphalt pavement surface layer increased by
10.2%, the maximum shear stress increased by 18.3%, but the maximum
interlayer shear stress decreased by 6.1%, the area of interlayer adhesion
damage gradually decreased, and the length of the final slip crack
increased and the U-shaped opening became smaller.
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