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Evolution characteristics of crack and energy of low-grade highway under impact
load
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China; bSchool of Engineering Science, University of Chinese Academy of Sciences, Beijing, People’s Republic of China

ABSTRACT
To analyse the feasibility of the low-grade highway as a launch site in military applications and improve
the pavement crushing technology in civilian applications, this study investigates the evolution
characteristics of a low-grade highway under impact load, including deflection, crack, and energy, via
the continuum–discontinuum element method (CDEM). To this end, this paper proposes an energy
statistics algorithm, and the correctness is verified. Then, a quarter three-dimensional numerical model
of an asphalt concrete highway is established, and the effectiveness of CDEM in simulating the
deflection of the highway under impact load is validated. Finally, an existing asphalt concrete highway
structure is selected to study the evolution characteristics via numerical simulation. The results
demonstrate the consistency between the variations of deflection at the load centre and the impact
load. The deflection is primarily caused by the compressive deformation of subgrade. Crack planes
mainly occur when the impact load increases rapidly. The variation of various constituent energies is
different but closely related to the change in impact load.
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1. Introduction

Highways play a pivotal role in civilian applications (e.g. logis-
tics, personnel mobility, etc.) (Jha et al. 2012, Holl andMariotti
2018, Zhang et al. 2020b). Highways have also drawn the inter-
est of defense research because of their unique advantages in
military applications (e.g. missile launching, aircraft landing,
etc.) (Wei et al. 2017). According to the U.S. Department of
Defense and the U.S. Federal Aviation Administration, loads
of slow-moving/static aircraft on pavements are more signifi-
cant than those of rapidly moving aircraft, because the lift
force generated by the latter counteracts a portion of its weight.
However, during missile launch, the load applied to the high-
ways is the impact load, which has a short duration and a large
amplitude (Ren et al. 2014, Zhou et al. 2014, Huang et al.
2017). In addition, with the rapid development of pavement
crushing technology in the civilian applications, some
machines (e.g. the multi-head breaker, impact roller crushing,
etc.) are widely used. The load exerted on pavements by these
machines can be simplified to an impact load (Ceylan et al.
2008, Ge et al. 2015, Liu et al. 2019). Since the majority of high-
ways are low-grade highways, studying the mechanical
response of these highways under impact load is of great sig-
nificance to both civilian and military applications.

The current methods for studying the mechanical response
of highways mainly include theoretical analysis, field exper-
iments, and numerical simulation. Highways are composed
of pavement and subgrade. Pavements are roughly classified
into two types: rigid pavement and flexible pavement. The
stress analysis and design approaches involving rigid pave-
ments are mainly based on a thin slab on an elastic foundation.

Westergaard modelled the pavement as a homogenous, isotro-
pic, and elastic thin slab resting on a Winkler foundation and
proposed a complete theory of structural behaviour of pave-
ment (Westergaard 1926, 1933, 1939, 1948). Existing methods
of flexible pavement design are primarily based on the struc-
tural analysis of layered systems. For the subgrade, the layered
system is idealised as a Winkler foundation model, a Kelvin
foundation model, or a Pasternak foundation model. The
beam–foundation system can be used as an idealisation of
the interaction between the pavement and subgrade. The pave-
ment can be simplified as a Rayleigh, Timoshenko, or Euler–
Bernoulli beam (Timoshenko 1921, 1922, Luo et al. 2015,
Szyłko-Bigus et al. 2019, Ebrahimi-Mamaghani et al. 2020,
Zhen et al. 2020).

Researchers have also studied the mechanical response of
highways under impact loads based on theoretical analysis.
To study the correlation between deflection and distance
from the load centre, Liang and Zeng (2002), Alisjahbana
et al. (2018), and Zhao and Jiang (2018) proposed that the
dynamic deflection decreases with increasing distance, and
that the variation trend of the deflection time-history curve
with varying distance is consistent. Based on the spectral
element method, Gu et al. (2014) found that, although the
deflection of pavement under an FWD pulse load decreases
with increasing depth, the variation trend of the deflection
time-history curve remains consistent. To understand the
influence of the interface condition and isotropy on the mech-
anical response of highways, Liu et al. (2018) theorised an
obvious discontinuity in the radial stress at the location of
the sliding interface, while You et al. (2018) proposed that
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the displacement calculated using isotropic solutions was quite
different from transversely isotropic solutions.

Field experiments are another important research method.
Several researchers (Zhang et al. 2017, Iqbal et al. 2019)
studied the influence of drop height and found that the punch-
ing effect became more pronounced with increasing drop
height and that the initial and final impact strengths decreased
exponentially. Picoux et al. (2009) studied the correlation
between deflection and distance from the load centre based
on field experiments. They found that the time-history curves
of impact load and deflection were consistent, and that deflec-
tion decreased with increasing distance.

Because theoretical analysis and field experiment often omit
a few influencing factors for simplification, researchers have
studied the mechanical response of highways based on
numerical simulation to include those factors. For example,
Sun and Duan (2013) studied the influence of factors based
on ABAQUS, such as vehicle speed, crack location, crack
depth, and damping ratio on the dynamic response of high-
ways. Assogba et al. (2020) simulated the crushing and crack-
ing processes of concrete pavement under a multi-head impact
load and they found that tensile crack planes mainly propa-
gated along the long axis of rectangular hammerheads. With
the widespread use of missile unsupported launch (Zhao and
Jiang 2018), researchers have studied the dynamic response
of highways during the missile launch. Huang et al. (2017)
found that the maximum displacement is at the load centre
of the launch area. Zhang et al. (2015) found that the degree
of damage to the surface course increased rapidly in a short
time, before becoming constant after a certain value. In
addition, damage to the central part is more severe than that
to the surrounding area. Zhou et al. (2014) found that the
deflection time-history curve below the canister launcher was
closely related to its load time-history curve.

Currently, numerical simulation of the mechanical
response of a highway under impact load has two main disad-
vantages. First, the simulation is primarily based on the elas-
tic–plastic finite element method and the viscoelastic–plastic
finite element method. These methods are based on conti-
nuum mechanics, which makes it is difficult to simulate the
process of crack generation, propagation, and complex contact
under impact load. Second, for the mechanical response, few
mechanical quantities (i.e. deflection and stress) have drawn
attention. However, the evolution characteristics of cracks
and energy under impact loads have rarely been studied.

This study investigates the evolution characteristics of deflec-
tion, crack, and energy of a low-grade asphalt concrete highway
under impact load using the continuum–discontinuum element
method (CDEM). The remainder of this paper is structured as
follows. In Section 2, the basic concept of CDEM is explained,
and an energy statistics algorithm is proposed. In Section 3, a
quarter three-dimensional numerical model of a low-grade
asphalt concrete highway is established, and the effectiveness of
the CDEM in simulating the deflection of a highway under an
impact load is validated. In Section 4, the mechanical response
of a low-grade asphalt concrete highway under impact load is
simulated by CDEM, and the evolution characteristics of deflec-
tion, crack, and energy are analysed in detail. The main findings
of the study are summarised in Section 5.

2. Methodology

2.1. Algorithm description of CDEM

2.1.1. Basic concept
The CDEM is a dynamic explicit algorithm that simulates the
entire process of material failure from continuous deformation
to crack and movement. The numerical model of the CDEM is
composed of a block and an interface (Figure 1). A block con-
sists of one or more elements, and it is used to characterise the
continuous features (e.g. elasticity, plasticity, etc.) of the
material. The common boundary between two blocks is called
the interface, and it is used to characterise discontinuous fea-
tures such as crack and slip. The interface includes the real
interface (the black solid lines in Figure 1(a)) and the virtual
interface (the red dotted lines in Figure 1(a)). The real interface
is used to characterise the real discontinuous features of the
material. The virtual interface has two main purposes: to con-
nect two blocks and transfer mechanical information; and to
provide potential space for crack generation and propagation.
CDEM introduces a contact model that combines a semi-
spring and a semi-edge at the interface to accurately calculate
contact force and failure state between blocks (the green line
BB′, JJ′, and KK′ in Figure 1(c)).

CDEM establishes a governing equation through the
Lagrange energy system, which can be expressed as

Ma(t)+ Cv(t)+ Ku(t) = F(t) (1)

where a(t), v(t), and u(t) denote the acceleration vector, vel-
ocity vector, and displacement vector, respectively. M, C,
and K denote the mass, damping, and stiffness matrices,
respectively. F(t) is the vector of the external force.

2.1.2. Constitutive model
The viscosity of asphalt concrete is usually considered in rel-
evant high-temperature applications. Because this study inves-
tigated the dynamic responses of asphalt concrete pavement
under a second-time load at normal temperature, the viscosity
of asphalt concrete was neglected. That is, the viscosity term
was not included in the current constitutive model. The
Mohr–Coulomb model was selected as the element constitu-
tive model. The principal stresses σ1, σ2, and σ3 were calculated
based on the stress tensor σij. The relations in Equation (2)
were used to determine whether the element met the Mohr–
Coulomb and maximum tensile stress criteria.

fs = s1 − s3Nw + 2ce
����
Nw

√
ft = s3 − set

h = ft + aP(s1 − sP)

⎧⎨
⎩ (2)

where ce denotes the element cohesion strength, and σet
denotes the element tensile strength. Nφ, αP, and σP are con-
stants, and they are expressed as

Nw = 1+ sinwe

1− sinwe

aP =
��������
1+ N2

w

√
+ Nw

sP = stNw − 2c
����
Nw

√

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(3)

where φe is the element friction angle.
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If fs≥ 0 and h≤ 0, shear failure will occur. If ft≥ 0 and h > 0,
tensile failure will occur.

The CDEM introduces a contact model that combines a
semi-spring and a semi-edge at the interface to accurately cal-
culate the contact force and failure state (Feng et al., 2014). The
Mohr–Coulomb fracture criterion (Equation (4)) and maxi-
mum tensile stress criterion (Equation (5)) were applied to
the interface.

if Fs ≥ Fn tanw+ cps
Fs = Fn tanw+ cps
next step cp = 0, spt = 0

⎧⎨
⎩ (4)

if − Fn ≥ spts
Fn = Fs = 0
next step cp = 0, spt = 0

⎧⎨
⎩ (5)

where σpt denotes the spring tensile strength, cp denotes the
spring cohesive strength, φ denotes the spring friction angle,
and s is the spring contact area.

To quantitatively characterise the interface failure state,
crack ratio αD is proposed, which is a dimensionless value.

aD = Sc
Sa

(6)

where Sc is the area of the fracture interface, and Sa is the area
of all interfaces. The value range of αD is [0,1].

2.2. Energy statistics algorithm

2.2.1. Element deformation energy WEE

The element deformation energy WEE includes the elastic
deformation energy and plastic deformation energy. First,
the elastic deformation energy density wee and plastic defor-
mation energy density wep were obtained based on the stress
tensor σij, elastic strain component εeij, and plastic strain com-
ponent εpij (Equations (7) and (8)). Subsequently, the defor-
mation energy of each element was calculated. Finally, the
cumulative deformation energy value WEE of all elements

was obtained (Equation (9)).

wee = 0.51eijsij (7)

wep = 1pijsij (8)

WEE =
∑NE

k=1

Vk(wee + wep) (9)

whereVk denotes the element volume, andNE is the number of
elements.

2.2.2. Element kinetic energy WEV

First, the element centroid velocity was calculated from the
node velocity (Equation (10)). Subsequently, the kinetic energy
of each element was calculated. Finally, the cumulative kinetic
energy value WEV of all elements was obtained (Equation
(11)).

vex = 1
no

∑no
i=1

viox

vey = 1
no

∑no
i=1

vioy

vez = 1
no

∑no
i=1

vioz

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

WEV =
∑NE

k=1

1
2
mk(v

2
ex + v2ey + v2ez) (11)

where viox v
i
oy and vioz are the components of the i-th node vel-

ocity along the X, Y, and Z directions, respectively. no denotes
the number of nodes. vex, vey, and vez denote the components
of the element centroid velocity along the X, Y, and Z
directions.

2.2.3. Spring deformation energy WPE

The numerical springs at the interface can transfer tensile,
compressive, and shear forces. In the local coordinate system,
the spring force was decomposed into Fpx, Fpy, and Fpz. Fpz is
the normal force, and Fpx and Fpy are the tangential forces. The
deformation energy of each spring was calculated, followed by
the cumulative deformation energy value WPE of all springs

Figure 1. Schematic diagram of block and interface in the CDEM.
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(Equation (12)).

WPE =
∑NP

k=1

(
1
2

F2pz
kn

+ 1
2

F2px
ks

+ 1
2

F2py
ks

) (12)

where Np is the number of springs, and kn and ks denote the
spring normal stiffness and spring tangential stiffness,
respectively.

2.2.4. Spring fracture energy WPC

When the spring undergoes tensile failure, the tensile strength
σpt and cohesive strength cp are reduced to 0. Hence, the frac-
ture energy should include the tensile fracture energy wpt and
shear fracture energy wps. When the spring undergoes shear
failure, the cohesive strength cp and tensile strength σpt are
reduced to 0. Since the spring is in compression, the fracture
energy will only include the shear fracture energy wps.

First, the fracture energy wpc of each broken spring was cal-
culated according to the failure type (Equation (15)). Then, the
cumulative fracture energy WPC of all broken springs was
obtained (Equation (16)).

wpt = 1
2
(spts)

2

kn
(13)

wps = 1
2
(cps)

2

ks
+ Fpz tanw

cps
ks

(14)

wpc = wpt + wps if Tensile failure
wps if Shear failure

{
(15)

WPC =
∑NPC

k=1

wpc (16)

where NPC represents the number of broken springs, σpt
denotes the spring tensile strength, s denotes the spring contact
area, cp denotes the spring cohesion strength, and φ denotes
the spring friction angle.

2.2.5. Friction energy WR

After the interface breaks, the surfaces of elements from both
sides in contact move relative to each other and expend energy.
This friction energy is determined by the tangential forces Fpi
(i.e. Fpx and Fpy) and the relative tangential displacements ΔUi

(i.e. ΔUx and ΔUy). From time t–Δt to time t, the relative tan-
gential displacement is closely related to the spring state and
elongation. ΔUi is expressed as:

DUi =

0 if Gt-Dt = unbroken and Gt = unbroken

(Ut
i −

Ftpi
ks

)− (Ut-Dt
i − Ft-Dtpi

ks
) if Gt-Dt = unbroken and Gt = broken

(Ut
i −

Ftpi
ks

)− (Ut-Dt
i − Ft-Dtpi

ks
) if Gt-Dt = broken and Gt = broken

0 if Gt-Dt = broken and Gt = unbroken

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(17)

where Ut-Dt
i denotes the elongation component at time t–Δt,

Ut
i denotes the elongation component at time t, Ft-Dtpi denotes

the tangential force component at time t–Δt, Ftpi denotes the
tangential force component at time t, Gt-Dt and Gt denote
the spring state at time t–Δt and time t, respectively.

The expression of WR is written as:

WR =
∑NP

k=1

(FpxDUx + FpyDUy) (18)

2.2.6. Damping energy WD

Local damping was adopted for the numerical calculation. The
correspondence between the critical damping ratio ξ and the
local damping coefficient cd is j = pcd. First, the energy con-
sumed by local damping at each node was calculated. Then,
the cumulative damping energy value WD of all nodes was
obtained. The expression is written as

WD =
∑NO

k=1

(|cdFoxDUox| + |cdFoyDUoy| + |cdFozDUoz|) (19)

where No denotes the number of nodes, Fox, Foy, and Foz
denote the resultant force components of node, ΔUox, ΔUoy,
and ΔUoz denote the incremental displacement components.

2.3. Verification

Based on the CDEM, scholars have carried out extensive
research in the fields of impact and blasting and verified the
correctness of the method (Wang et al., 2019, Zhang et al.,
2020a). In addition, Feng et al. (2017), Ju et al. (2016), and
Zhang et al. (2019) verified the correctness of the CDEM in
simulation the fracture process by comparing the numerical
and experimental results. Therefore, this section mainly details
the verification of the correctness of the energy statistics
algorithm.

Because of the algorithmic characteristics of the CDEM and
the limitations of current laboratory experiments, few types of
energy (e.g. element kinetic energy WEV, friction energy WR,
and damping energy WD) could not be easily measured in a
laboratory. Because the variation trends of some constituent
energies during the uniaxial compression process were already
analysed by other researchers, this study also chose to perform
the uniaxial compression experiment on a sandstone sample
for the numerical simulation. The correctness of the algorithm
was analysed according to the trends of various constituent
energies and the correlation between the cumulative energy
value WT and the external work WO. According to theoretical
analysis, WT should be equal to WO.

The numerical model was a cylinder (10 cm × 10 cm ×
20 cm) of 15,555 elements. The upper and lower surfaces
were subjected to velocity boundary conditions (v = 2×10−9

m/s). A linear elastic constitutive model was adopted for the
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elements and a brittle fracture constitutive model for the inter-
faces. The mechanical parameters shown in Table 1 are the
generalised values of sandstone, a few of which (i.e. cohesion
strength and friction angle) were derived from structural
geology, while the rest are empirical values.

The curves of energy variation with respect to fixed mech-
anical parameters are plotted in Figure 2. Figure 2(a) illus-
trates the curves of various constituent energies, and Figure
2(b) illustrates the variation curves of WT and WO. As
observed in the figure, during the initial loading period, the
stress increases linearly, and WEE and WPE increase continu-
ously. In addition,WEE is the main component of the model’s
energy. With the appearance of cracks, the stress and WEE

decrease rapidly, while WR and WPC increase rapidly. At
the end of loading (ε = 3‰), the cumulative energy value
WT is 25.96 J, the external work WO is 25.80 J, and the
error value γ is 0.62%.

These trends of various constituent energies and the agree-
ment betweenWO andWT verify the correctness of the energy
statistical algorithm.

Since the mechanical parameters of the sandstone sample
are not fixed, it is assumed that the cohesion strength and fric-
tion angle of sandstone follow the Weibull distribution.
Another numerical simulation of the uniaxial compression
process was carried out to further verify the correctness of
the algorithm.

The curves of energy variation with respect to mechanical
properties that satisfy the Weibull criterion are plotted in
Figure 3. Figure 3(a) illustrates the trends of various constitu-
ent energies, and Figure 3(b) illustrates the trends of WT and
WO. As in Figure 3(a), the laws of variation of various constitu-
ent energies are the same as those in Figure 2(a). At the end of
loading (ε = 1.5‰), the cumulative energy value WT is 5.95 J,
the external work WO is 6.03 J, and the error value γ is
1.28%. Thus, the correctness of the energy statistics algorithm
is verified again.

Based on the numerical simulation, it can be concluded that
the energy statistics algorithm produces correct results and
changes in the mechanical parameters do not affect the cor-
rectness of the algorithm.

Table 1. Mechanical parameters of sandstone.

Material
Density
(kg/m3)

Elastic
modulus
(GPa)

Cohesion
strength
(MPa)

Tensile
strength
(MPa)

Friction
angle (°)

sandstone 2300 5 5 5 35

Figure 3. Changing curves of energy and stress of sandstone sample with mechanical parameters satisfying the Weibull distribution.

Figure 2. Variation curves of energy and stress of sandstone sample with fixed mechanical parameters.

INTERNATIONAL JOURNAL OF PAVEMENT ENGINEERING 5



3. Numerical model and validation

3.1. Numerical model

According to China’s ‘Technical Standard for Highway Engin-
eering’ (JTG B01-2014), highways are divided into five grades:
expressway, first-grade highway, second-grade highway, third-
grade highway, and fourth-grade highway. The low-grade
highway includes third- and fourth-grade highways, and it is
generally located near villages and towns.

3.1.1. Modelling
The low-grade highway includes pavement and subgrade, and
the pavement is simplified to two or three courses. In this
study, because the pavement and impact load areas are sym-
metrical about the transverse (X direction) and longitudinal
directions (Y direction), a quarter three-dimensional numeri-
cal model of a low-grade asphalt concrete highway was estab-
lished (Figure 4). The width of the surface course is 2 m, the
widths of the base course and subbase course are 2.5 m, and
the dimensions of the subgrade are 8.5 m × 10 m × 9 m. The
red area (a quarter circle) at the top of the surface course indi-
cates the impact load area.

3.1.2. Impact load
With the widespread use of vehicle-mounted launching sys-
tems, research on launch sites has become more important
(Zhao and Jiang, 2018). During missile launch, the launch bar-
rel applies an impact load on the pavement. This study inves-
tigates the dynamic responses of a low-grade asphalt concrete
highway under impact load caused by the launch barrel.
Derived from Feng, Guo, and Yu (2016), the time-history
curve of impact load is plotted in Figure 5. The impact load
lasts for 1.65 s, with a peak value of 0.79 MPa. The time-history
curve has a four-stage characteristic. Stage I lasts from 0 to 0.16
s, during which the impact load increases sharply. Stage II lasts

from 0.16 to 0.70 s, during which the impact load remains
dynamically stable. Stage III lasts from 0.70 to 1.15 s, during
which the impact decreases rapidly. Stage IV lasts from 1.15
to 1.65 s, during which the impact load remains dynamically
stable. The load area is a quarter circle with a radius of 1.0 m.

3.1.3. Simulation scheme
The boundaries are constrained by normal displacement, and a
high-damping region with a thickness of 3 m inside the sub-
grade was set to eliminate the reflection of stress waves.

The numerical calculation included two stages, static calcu-
lation stage and dynamic calculation stage. The static calcu-
lation stage was used to obtain the initial stress field. To
simplify the simulation, this stage only involved analysing
the standard design conditions but not the influence of
environmental factors. After the static calculation, the displa-
cement was set to zero, which was regarded as the initial
case where the low-grade highway was affected only by gravity.
Subsequently, the dynamic calculation stage was performed to
study the dynamic response.

3.1.4. Mechanical parameters
Because the CDEM includes two basic models (i.e. block and
interface), the mechanical parameters include block mechan-
ical parameters as well as interface mechanical parameters.
The interface between different courses is a real interface,
while the interface inside the course is a virtual interface.
The mechanical parameters of the low-grade highway are
shown in Table 2. The interface mechanical parameters

Figure 4. Three-dimensional numerical model of low-grade asphalt concrete
highway.

Figure 5. Time-history curve of impact load that applied to pavement.

Table 2. Mechanical parameters of pavement materials and subgrade.

Material
Density
(kg/m3)

Elastic
modulus
(GPa)

Cohesive
strength
(MPa)

Tensile
strength
(MPa)

Friction
angle (°)

Asphalt
concrete

2400 0.7 3 0.6 40

Cement
stabilised
macadam

2410 1.4 1.6 0.4 45

Lime-fly ash
stabilised
macadam

2200 1.2 1.3 0.35 40

Lime soil 1800 0.4 0.4 0.2 29
Subgrade 1700 0.07 0.04 0.01 20
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include the strength class (e.g. cohesion, tensile strength, and
friction angle) and stiffness class (e.g. normal stiffness and tan-
gential stiffness). The mechanical parameters of the strength
class were obtained according to the weak value of the blocks
on both sides. The mechanical parameters of the stiffness class
of the virtual interface and the real interface were calculated
differently. For the virtual interface, the stiffness is equal to
the element stiffness multiplied by 10. For a real interface,
the stiffness is equal to E/ΔL, and ΔL denotes the surface
roughness.

3.2. Validation

To validate the effectiveness of the CDEM in simulating the
deflection of a highway under an impact load, ABAQUS and
CDEM were used to simulate the mechanical response of the
asphalt concrete highway under impact load.

3.2.1. Basic information
The thickness and material type of each course are listed in
Table 3. The contact characteristics of the pavement were sim-
plified, and only the contact between the surface course and
base course was considered. In addition, the plastic behaviour
was considered in the numerical simulation.

The size, constitutive model, mechanical parameters, and
contact characteristics of the numerical model in the CDEM
and ABAQUS were the same. By comparing the numerical
results of the two methods under the same impact load, the
effectiveness of the CDEM in simulating the deflection of a
highway under an impact load was validated. The numerical
model in the CDEM included 170,500 elements, while the
ABAQUS model included 105,050 elements. The time-history
curve of the impact load is plotted in Figure 6. The load lasted
for 2.0 s, with peak value at 0.17 MPa.

3.2.2. Data analysis
The time-history curve of deflection at the load centre is
plotted in Figure 7, and the deflection values of the load centre
point at different moments are shown in Table 4.

According to Figure 7 and Table 4, the deflection as calcu-
lated by the CDEM is consistent with that calculated by ABA-
QUS. This consistency is reflected in the same deflection trend
and similar deflection values at several typical moments in
CDEM and ABAQUS, and the maximum error of deflection
is 2.94%.

Thus, based on the comparison of numerical results, the
effectiveness of CDEM in simulating the deflection of a high-
way under an impact load was validated.

ABAQUS is considered a powerful finite element software.
However, because of the limitations of its numerical algorithm,
the software cannot be used to simulate the process of crack
generation and propagation inside the surface course, base
course, and subbase course. However, the CDEM’s numerical
algorithm does not have this disadvantage. Therefore, CDEM
is selected for the numerical simulation.

4. Results and discussion

An asphalt concrete highway as recommended in the Instruc-
tion Manual of Rural Road Construction in Henan Province
was selected for the numerical simulation. The thickness and
material type of each course are shown in Table 5, and the
pavement structure is shown in Figure 8. To realistically

Table 3. Thickness and material type of each course in the pavement structure.

Type Thickness/(cm) Material

Surface course 10 Asphalt concrete
Base course 20 Cement stabilised macadam
Subbase course 15 Lime soil

Figure 6. Time-history curve of impact load.

Table 5. Thickness and material type of each course in the pavement structure.

Pavement
structure Surface course Base course

Subbase
course

Asphalt
concrete

10 cm asphalt
concrete

10 cm lime-fly ash
stabilised macadam

15 cm lime
soil

Table 4. Deflection values of load centre point at different moments.

Time

Deflection/(cm)

By CDEM By ABAQUS

0.58s −1.56 −1.59
1.23s −1.19 −1.22
1.68s −0.35 −0.36
2.0s −0.33 −0.34

Figure 7. Time-history curves of deflection as calculated by ABAQUS and CDEM.
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simulate the process of crack generation and propagation, the
interfaces between different courses, between different
elements inside each course, and between pavement and sub-
grade were considered.

4.1. Evolution characteristic of deflection and
deformation

4.1.1. Evolution characteristic of deflection
The deflection nephograms at different moments are shown in
Figure 9, which clearly depicts the transition of deflection from
continuous distribution to discontinuous distribution. Since
the impact load area is a quarter circle, the deflection at the
top of the surface course is distributed circularly, and the
maximum deflection is located at the load centre. With the
appearance of cracks, the deflection nephograms begin to exhi-
bit discontinuous features because the stress transmission is
affected.

To analyse the distribution characteristics of deflection at
the top of the surface course in more detailed, the deflection
curves along the X and Y directions are plotted in Figure 10.

Because the deflection at the top of the surface course is dis-
tributed circularly, the deflection curves along the X and Y
directions are the same. At t = 0.16 s and t = 1.65 s, the deflec-
tion curves along the X and Y directions have an inflection
point, which indicates the discontinuous distribution charac-
teristics of deflection. As indicated in Figure 9, the inflection
point is located outside the ring-shaped crack plane. Although
the impact load area and boundary conditions are symmetri-
cal, the deflection curves in the X and Y directions have minute
differences because the geometric dimensions of the surface
course along the two directions are not the same.

Based on the above analysis, the maximum deflection is
located on the load centre. To analyse the trend of deflection
and the correlation between deflection and impact load, the
time-history curve of deflection on the load centre is plotted
in Figure 11. The time-history curve of deflection has a four-
stage characteristic, and its variation trend is closely related
to the impact load. The maximum instantaneous deflection
is located at the junction of Stages I and II, which corresponds
to the peak value of impact load.

The time-history curves of deflection at different depths are
plotted in Figure 12. The coordinate value on the top of the
surface course is Z = 0.35 m, the coordinate value at the inter-
face between subgrade and the subbase course is Z = 0 m, and
the coordinate value at the bottom of subgrade is Z =−9 m. As
observed from the figure, deflection occurs at different depths
with different values. Meanwhile, the deflection gradually
decreases from the top of the surface course to the bottom of
subgrade. The time-history curves of deflection of pavement
and the upper part of subgrade also possess a four-stage
characteristic, and their variation trend is closely related to
the impact load. The deflection value on the top of the surface
course and the top of subgrade is nearly the same, which
suggests that the pavement structure underwent a small defor-
mation. For subgrade, different depths have different

Figure 8. Three-dimensional numerical model of asphalt concrete pavement
structure.

Figure 9. Deflection nephograms of asphalt concrete highway at different moments.
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deflections. When the difference in depth is the same, the
difference in deflection is large at the upper part of subgrade
and small at the bottom.

4.1.2. Evolution characteristic of deformation
Because the deflection at the top of the surface course is caused
by the compressive deformation of pavement and subgrade,
the deformation value of each depth range from the top of
the surface course to the bottom of subgrade were analysed.

According to the analysis, deflections at the top of the surface
course and the bottom of the subbase course were nearly the
same. Therefore, the pavement was considered as a whole,
and the subgrade was divided into six depth ranges. The
depth was represented by the coordinate value in the Z
direction.

The time-history curves of deformation in different depth
ranges are plotted in Figure 13, and the negative value denotes
the compressive deformation. Because the deformation value
is small, it is reported in centimetre. Figure 13 illustrates that
the pavement and subgrade are deformed under impact load,
but the deformation in different depth ranges is significantly
different. The time-history curves of deformation have a
four-stage characteristic, and the changing trend is closely
related to the impact load. In addition, with the increase in
depth, the stage characteristics gradually weaken. At the
same time, the deformation value gradually decreases from
top to bottom, which indicates that the influence of the impact
load weakens.

Figure 14 illustrates the ratio of deformation in different
depth ranges to the total deformation of highway at different
moments. As shown in Figure 14, the total deformation of
highway is mainly caused by the upper part of subgrade. The
deformation in the range of −1.5 to 0 m accounts for 60%
of the total deformation, and the deformation in the range of
−3 to −1.5 m accounts for 30% of the total deformation. It

Figure 10. Deflection curves along the X and Y directions at the top of surface course.

Figure 11. Time-history curve of deflection at the impact load centre.

Figure 12. Time-history curves of deflection at different depths. Figure 13. Time-history curves of deformation in different depth ranges.
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can be seen that the proportion of these two ranges is close to
90%, and there are slight fluctuations.

The time-history curves of strain in different depth ranges
are plotted in Figure 15, and the negative value represents
compressive strain. It can be observed that strain occurs in
pavement and different depth ranges of subgrade, but the
value is significantly different. The time-history curves have
a four-stage characteristic, and the changing trend is closely
related to impact load. In addition, with the increase in
depth, the stage characteristics gradually weaken. Although
the mechanical parameters of pavement are better than those
of subgrade, the absolute value of its strain is not the smallest,
and this is because pavement directly bears impact load. The
pavement transmits and diffuses impact load, and the upper
part of subgrade absorbs considerable amount of impact
energy. Therefore, the strain value at the bottom of subgrade
is the smallest.

4.2. Evolution characteristic of crack

4.2.1. Crack ratio αD
The crack ratio αD is a dimensionless index that represents the
failure state, and its time-history curve is plotted in Figure 16.
The crack planes in the pavement structure at t=0.16 s and
t=1.65 s are shown in Figure 17 (black line indicates the

crack plane). Since the impact load area is a quarter circle,
there is a ring-shaped crack plane in the surface course. The
time-history curve of crack ratio αD has a four-stage character-
istic, and the change in αD is closely related to that of the
impact load. The crack ratio αD=10.40% at t=0.16 s and αD-
=11.62% at t=1.65 s, which means that the new crack planes
appearing from 0 s to 0.16 s account for 89.50% of the overall
crack planes. Therefore, it can be concluded that, although the
sharp increase and decrease in the impact load will lead to an
increase in the crack ratio αD, the crack planes mainly appear
when the impact load increases rapidly.

4.2.2. Spatial distribution and failure type
The initial failure type nephograms of the surface course, base
course and subbase course are plotted in Figure 18–20.

Figure 18 illustrates the initial failure type and distribution
characteristic of the crack planes of the surface course. It can
be observed that the crack planes include a ring-shaped
crack plane and crack planes along the X and Y directions,
and the ring-shaped crack plane inside the surface course is
located outside the impact load area. In addition, the crack
planes mainly occur when the impact load increases rapidly
(0 s–0.16 s), and all the crack planes appearing from 0 s to
0.16 s are vertical. There are still new crack planes appearing
from 0.16 s to 1.65 s, but the number is small. Moreover, the
new crack planes appearing in this period include not only
some vertical crack planes but also some horizontal crack
planes between the surface course and base course. The initial
failure type of all crack planes is tensile failure.

Figure 19 illustrates the initial failure type and distribution
characteristic of the crack planes of the base course. It can be
observed that the crack planes mainly occur when the impact
load increases rapidly (0 s–0.16 s), and these crack planes
appear inside the base course, between the base course and
subbase course, and between the base course and subgrade.
In addition, the crack planes inside the base course mainly
include a ring-shaped crack plane, radial crack planes, and
crack planes along the X and Y directions. The ring-shaped
crack planes inside the surface course and base course have
the same position in the horizontal level. The initial failure
types of crack planes include tensile failure and shear failure.
The crack planes inside the base course, between the base

Figure 14. Deformation proportion in different depth ranges at different
moments.

Figure 15. Time-history curves of compressive strain in different depth ranges.

Figure 16. Time-history curve of crack ratio αD.
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course and surface course, and between the base course and
subgrade are tensile failures. The crack planes between the
base course and subbase course are divided by the ring-shaped
crack plane. The crack planes inside the ring-shaped crack
plane are mainly shear failure, while the crack planes outside
the ring-shaped crack plane are mainly tensile failures.

Figure 20 illustrates the initial failure type and distribution
characteristic of the crack planes of the subbase course. As
observed in the figure, the crack planes mainly occur when
the impact load increases rapidly (0–0.16 s), and these crack
planes appear inside the subbase course, between the subbase
course and base course, and between the subbase course and
subgrade. In addition, the crack planes inside the subbase
course mainly include a ring-shaped crack plane, radial crack
planes, and crack planes along the X and Y directions. The

ring-shaped crack planes inside the surface course, base
course, and subbase course have the same position in the hori-
zontal level, and they are located outside the impact load area.
The initial failure types of crack planes include tensile failure
and shear failure. The type of failure of crack planes inside
the subbase course is mainly tensile failure, and only a few
crack planes undergo shear failure. The ring-shaped crack
plane inside the subbase course undergoes shear failure. The
crack planes between the subbase course and subgrade mainly
undergo shear failure, while only a few crack planes undergo
tensile failures.

According to Figures 18–20, the subbase course undergoes
more severe damage than the surface course. According to
Table 2, a few mechanical parameters (e.g. cohesion strength,
tensile strength, and friction angle) of the surface course are

Figure 17. Spatial distribution of crack planes at different moments (black line indicates crack plane).

Figure 18. Initial failure type nephogram of cracks in surface course at different moments.

Figure 19. Initial failure type nephogram of cracks in base course at different moments.
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significantly stronger than those of the subbase course. These
parameters are the key factors affecting the cracks at the inter-
faces. The numerical results reveal that the stress state of the
surface course is similar to that of the subbase course. There-
fore, the subbase course suffers more severe damage than the
surface course.

4.3. Evolution characteristic of energy

4.3.1. Cumulative energy value WT

The time-history curve of the cumulative energy value WT is
plotted in Figure 21. Due to the influence of gravity, WT is
not zero at the initial moment when the impact load is
applied to the pavement. As illustrated in Figure 21, the
time-history curve of WT has a four-stage characteristic,
and its variation trend is consistent with that of the impact
load. The maximum WT is located at the junction of Stages
I and II, which corresponds to the peak value of the impact
load.

4.3.2. Various constituent energies
The time-history curve of element deformation energy WEE is
plotted in Figure 22(a). It has a four-stage characteristic, and
its variation trend is consistent with that of the impact load.
The maximum WEE is located at the junction of Stages I and
II, which corresponds to the peak value of the impact load.
The law of variation of WEE was analysed briefly. As shown

in Figure 15, the strain of the pavement and subgrade increases
sharply with the sharp increase in impact load, and conse-
quently, WEE increases. Then, the impact load remains dyna-
mically stable, and the strain of pavement and subgrade is
also dynamically stable. Therefore, WEE does not change sig-
nificantly. Subsequently, with the sharp decrease in impact
load, the strain of the pavement and subgrade decreases
rapidly. Thus, WEE decreases sharply. Finally, the impact
load remains dynamically stable. Thus, the strain and WEE

also remain dynamically stable.
The time-history curve of the element kinetic energyWEV is

plotted in Figure 22(b). The time-history curve has two peaks
that occur in the period of sharp increase and decrease in
impact load, respectively. When the impact load is dynamically
stable, WEV is nearly 0. In addition, the maximum WEV is in
the period of a sharp increase in the impact load. The law of
variation of WEV is briefly analysed. According to Figure 23,
WEV is mainly generated near the impact load area. Figure
24 illustrates the time-history curve of velocity at the centre
of the impact load area. During the period of rapid increase
in impact load, the deflection increases sharply, while the vel-
ocity first increases sharply and then decreases, resulting in the
occurrence of the first peak of WEV. During the period of
dynamic stability of the impact load, deflection remains dyna-
mically stable and velocity is nearly 0, and thus WEV is nearly
0. In the initial moments of the period of a sharp decrease in
the impact load, deflection decreases slowly, and thus velocity
is still 0. However, when deflection decreases rapidly, the vel-
ocity increases abruptly, resulting in the second peak of WEV.
Finally, when deflection is dynamically stable, the velocity is 0,
and thus WEV is nearly 0.

The time-history curve of the spring deformation energy
WPE is plotted in Figure 22(c). It can be observed that the
curve has a four-stage characteristic, and the variation trend
is consistent with that of the impact load. The maximum
WPE is located at the junction of Stages I and II, which corre-
sponds to the peak value of the impact load. A brief analysis of
the changing law of WPE was conducted. The interaction of
elements on both sides of the interface is transferred by the
numerical springs. When the impact load increases sharply,
the displacement and deformation of elements increase,
which enhances the interaction between elements. Thus,
WPE increases. Then, the impact load, as well as the interaction
between elements, remains dynamically stable. Therefore,WPE

Figure 20. Initial failure type nephogram of cracks in subbase course at different moments.

Figure 21. Time-history curve of cumulative energy value WT of entire highway.
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does not change significantly. Subsequently, the impact load
decreases sharply, starkly weakening the interaction between
elements. Therefore, WPE decreases. Finally, the impact load
remains dynamically stable, and the interaction between
elements no longer changes significantly. Hence,WPE remains
dynamically stable.

The time-history curve of the spring fracture energyWPC is
plotted in Figure 22(d). The curve has a four-stage character-
istic, and the variation trend is closely related to that of the
impact load. The sharp increase and decrease in the impact
load lead to an obvious increase in the spring fracture energy
WPC, but WPC mainly increases when the impact load

Figure 22. Time-history curves of various constituent energies of entire highway.
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increases sharply. A brief analysis of the changing law of WPC

was conducted. Based on the results of Equations (13)–(16), it
is concluded that WPC is closely related to the crack area Sc.
When the mechanical parameters of the interfaces are the
same or similar, WPC is approximately linearly related to the
crack area Sc. Figure 16 illustrates crack planes appearing
when the impact load increases or decreases sharply. In
addition, crack planes that appear from 0 to 0.16 s have a larger
area than the crack planes that appear from 0.70 to 1.15
s. Therefore, the time-history curve of WPC has the four-
stage characteristic.

Figure 22(e) illustrates the time-history curve of the friction
energy WR. The curve also has a four-stage characteristic, and
the variation trend is closely related to that of the impact load.
The sharp increase and decrease in the impact load lead to an
increase in WR. However, WR mainly increases when the
impact load increases sharply. The law of variation of WR

was briefly analysed. Based on the results of Equation (17), it
is concluded that WR is only generated at the crack planes,
and its value is closely related to the relative tangential displa-
cement. As the impact load increases sharply, the area of the
crack planes and the relative tangential displacement also
increase sharply. Therefore,WR increases strongly. The impact
load remains dynamically stable, although the area of the crack
planes is large. The relative tangential displacement remains
small. Therefore, WR remains unchanged. Subsequently, the
impact load plummets, and the area of the crack planes and
the relative tangential displacement surge. Therefore, WR wit-
nesses a strong surge again. Finally, the impact load remains
dynamically stable, and theWR does not increase significantly.

The time-history curve of the damping energy WD is
plotted in Figure 22(f). The curve has a four-stage character-
istic, and the variation trend is closely related to that of the
impact load. In addition, WD mainly increases when the
impact load increases sharply. The law of variation of WD

was briefly analysed. Based on the results of Equation (18), it
is observed that WD is closely related to the nodal resultant
force and incremental displacement. When the impact load

Figure 23. Velocity nephograms of the entire highway at different moments.

Figure 24. Time-history curve of velocity at the impact load centre.
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increases sharply, the nodal resultant force and incremental
displacement increase accordingly. Therefore, WD increases
sharply. Then, the impact load remains dynamically stable.
Although the nodal resultant force is large, the incremental
displacement remains small. Hence,WD increases slowly. Sub-
sequently, the impact load decreases sharply. Although the
nodal resultant force decreases, as a result, the incremental dis-
placement increases sharply, and therefore, WD resurges.
Finally, the impact load becomes dynamically stable, and WD

does not change significantly.
This analysis shows that, although the trends of various

constituent energies are different, they are all closely related
to the change in impact load.

Although some of the above results have been revealed in
the previous studies, this study in this article is more in-
depth. The evolution characteristics of crack and energy are
innovative content. Based on the evolution characteristics of
deflection and strain, it can be concluded that improving the
stiffness of subgrade (especially the upper part of subgrade)
is a more effective means to reduce the deflection of pavement
under impact load. Based on the evolution characteristics of
crack, it can be seen that strengthening the shear strength of
pavement materials is an effective means to prevent serious
road damage. In addition, it can help engineers understand
how to optimise the equipment to enhance the pavement
crushing effect during the rehabilitation, demolition, and
reconstruction process. Based on the evolution characteristics
of energy, it is not only possible to evaluate the energy utilis-
ation rate (i.e. the ratio of fracture energy to total energy) in
the pavement crushing process and improve the crushing
effect of the equipment, but also to lay the foundation for a
more in-depth study of the energy conversion mechanism.

5. Conclusions

Based on the CDEM, this study investigated the evolution
characteristics of deflection, crack, and energy of a low-grade
asphalt concrete highway under impact load. First, an energy
statistics algorithm was proposed, and its correctness was ver-
ified. Then, a quarter three-dimensional numerical model of a
low-grade asphalt concrete highway was established. Finally,
numerical simulation of the low-grade asphalt concrete high-
way under impact load was conducted, and the evolution
characteristics were analysed in detail. The following con-
clusions were drawn from the results of the analysis:

(1) The trends of deflection and deformation are consistent
with those of the impact load, and the maximum instan-
taneous deflection corresponds to the peak value of the
impact load. In addition, as the depth increases, deflection
and deformation gradually decrease. The deformation in
the range of −1.5 to ∼0 m and −3 to ∼ −1.5 m accounted
for 60% and 30% of the total deformation, respectively.

(2) The crack ratio αD mainly increases when the impact load
increases sharply. The cracks are distributed near the
impact load area, and mainly include a ring-shaped
crack plane, radial crack planes, and crack planes along
the X and Y directions. Moreover, the initial failure
types of crack planes include tensile failure and shear

failure. Moreover, the type of failure differ between differ-
ent courses.

(3) The changing trend of the cumulative energy value WT is
consistent with that of the impact load, and the maximum
of WT corresponds to the peak value of the impact load.
For various constituent energies, the laws of variation of
different constituent energies are different, but their
changes are all closely related to the change in impact load.

In future research, the correctness of the energy statistics
algorithm should be verified by field experiments, and a vis-
cosity term should be introduced into the constitutive model
to study the mechanical response of asphalt concrete highways
at high temperatures. Meanwhile, the characteristics of defor-
mation within the depth of 0–1 m and the failure mechanism
of pavement should be analysed in detail. In addition, a study
on the mechanical response of cement concrete highways
should be conducted, and field experiments should be per-
formed to verify the correctness of the crack pattern.
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