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The damage of asphalt concrete pavement (AC pavement) structure caused by reflection
crack is an urgent problem in many areas of China, especially in cold regions of China, so it
is necessary to study how to reduce the reflective cracking and prevent the AC pavement
structures cracking. The acoustic emission (AE) information is fetched in this paper to study
the AE characteristics of pavement structures and the crack propagation law inside the
system. On the above basis, cracks with crack spacing/layer thickness values of 1.25, 2.5,
3.75, and 5 were prefabricated in the foundation course by the numerical simulation
method. The models with different foundation course crack spacing were calculated by
Realistic Failure Process Analysis finite element software. The influence of varying crack
spacing on the propagation mechanism of reflective cracks in the foundation course
structure was studied. The results show that the AC pavement structure has prominent AE
characteristics. The faster the cooling rate is, the more serious the damage to the AC
pavement surface is. In addition, with the increase of crack spacing/layer thickness value,
the stress level between cracks increases continuously. Most of the stress will make the
cracks expand toward the foundation course structure, and only a tiny part of stress is
used to form reflective cracks. In practical engineering, it is suggested to increase the crack
resistance of foundation course materials and preset some small spacing cracks in the
large spacing cracks in the foundation course.
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INTRODUCTION

In southwestern China, the Qinghai–Tibet Plateau and its surrounding areas are mainly alpine
regions with a wide area (Liang et al., 2020; Duan et al., 2021). The asphalt concrete (AC) pavement
structure is fatal in cold areas with significant temperature differences between winter and summer
and seasonal freeze–thaw alternation. Low-temperature cracks are a significant disease of the
pavement structure (Wei et al., 2020; Wei et al., 2021). Relevant studies have pointed out an
internal relationship between the acoustic emission (AE) of AC pavement structures and the damage
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location of pavement structures (Li and Marasteanu, 2011; Wei
et al., 2019; Yang et al., 2021b). So far, AE technology has been
widely used in concrete materials and concrete bridges, and many
AE analyses have been carried out (Nair and Cai, 2010; Behnia
et al., 2014; Jiao et al., 2020), as well as the use of AE to study the
cracking of mixtures (Li et al., 2006; Behnia et al., 2018; Xu et al.,
2018; Yang et al., 2021a). AE was also used to evaluate the related
subjects (Hill et al., 2013; Sun et al., 2017; Jiao et al., 2019b; Cai
et al., 2021). In recent years, AE detection methods have also been
used to characterize AC materials (Jiao et al., 2019a; Qiu et al.,
2020). For example, Seo and Kim (2008) applied AE technology
to study AC materials’ damage and healing characteristics and
proved that cumulative AE energy could be a feasible AE
parameter to identify fatigue damage and healing in the AC.
Hakimzadeh et al. (2017) mainly studied three different asphalt
mixtures’ internal crack damage characteristics under low
temperatures. Hakimzadeh et al. (2017) found that the AE of
asphalt mixtures corresponding to three other asphalt binders
could be used as a good indicator of low-temperature cracking
performance. The research discussed earlier shows that the
experience of AE technology in the application of AC
materials has been relatively mature and has achieved specific
results.

In addition, reflective cracks have long been a severe problem
in the process of AC pavement renovation. Reflective cracks will
also cause cracks in the AC pavement overlay, affecting the
service life of AC pavement (Hu et al., 2010). Qisen and
Zheng (1990) applied fracture mechanics to study the
reflective cracking of semirigid foundation course in AC
pavement and concluded that the shear stress perpendicular to
the pavement direction is the main reason for forming reflective
cracks. Xie (2018) studied the distribution of cracks on AC
pavement overlay pavement surface deflection. When the
inclination angle is 45° and the crack spacing increases from
200 to 600 mm, two different forms of cracks will be formed in the
cement concrete slab, as shown in Figure 1. It is also found that
when the intersection point of cracks is located in a concrete slab,
the unevenness of bending and settling of the whole structure
becomes more evident with the increase of crack spacing. This
phenomenon also reflects that the crack spacing d value affects
the overall structural stability (d value is also the S value of this
paper) (Xie, 2018).

Brown et al. (2001), through experiments and the
establishment of a theoretical model, grid steel in the
appropriate application can improve the crack resistance and

rutting resistance of the AC layer. Khodaii et al. (2009) using
geosynthetic materials laid on a third of the cover can effectively
reduce the probability of reflection cracks, providing a more
excellent service life. Kim et al. (1999) carried out experiments on
the overlay and found that some modified asphalt mixtures and
reinforced asphalt mixtures can effectively prevent crack
propagation. Tsai et al. (2010) calibrated the model based on
mechanical principles. Through this model, hot mix asphalt can
virtually reproduce the growth and severity of reflection cracks in
field observation. Bai et al. (2000) used the finite element method
to study that the spacing of cracks in layered materials is usually
proportional to the thickness of the crack layer. Morris et al.
(1982) used the finite element program to analyze the stress value
near the crack of the pavement structure after cracking and found
that the main reason for reflection crack is the displacement
difference of foundation course after cracking. Dave and Buttlar
(2010) used finite element software to study the reflective cracks
of AC pavement under temperature load.

Zhang and Guan (2001) calculated the temperature field of AC
pavement surface under a wide range of cooling and analyzed the
influence of different crack widths and cooling rates on
temperature stress. Liu et al. (2011) used a three-dimensional
finite element model to study the distribution of the stress
intensity factor value of foundation course cracks in AC
pavement structures in a large temperature difference area.
Wang and Zhong (2019) used the extended finite element
method to study AC pavement’s reflection crack propagation
mechanism under combined temperature and mobile traffic
loads. Based on ABAQUS finite element software and
extended finite element method, Hou et al. (2021) analyzed
the propagation process of reflection cracks and proved that
properly reducing the elastic modulus of the stress absorbing
layer could improve antireflection performance cracks. Wang
(2012) believes that eliminating reflective cracks is neither feasible
nor economical. It should be considered whether it can delay the
expansion of reflective cracks.

In this paper, Realistic Failure Process Analysis (RFPA) will be
used for numerical simulation. As for the authenticity of RFPA,
Chinese researcher Changxu used RFPA to verify Bai’s proposal
that elastic modulus of the material in uniform medium and
prefabricated crack depth would have an essential impact on
crack propagation. In addition, Professor Tang Chunan used
RFPA to study the change of stress distribution of equal-spacing
cracks with crack spacing/layer thickness (S/T) under axial tensile
action on a typical three-layer material model and found that the

FIGURE 1 | Two types of cracks (Xie, 2018). (A) Crack cross form 1 and (B) Crack cross form 2.
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results are in good agreement with Bai results. At the same time,
Tang Shibin used an RFPA temperature plate to verify the
correctness of concrete temperature conduction characteristics
and concrete temperature crack formation, simulated the
pavement cracking problem, and achieved good simulation
results. So, it is feasible to use an RFPA temperature plate to
study the reflection crack propagation process of AC pavement
structure under the action of low temperature.

Nowadays, research on applying AE technology in the overall
structure of AC pavements is scarce. This paper uses the
numerical simulation method to explore the AE of AC
pavement structures. This paper attempts to examine the
application of AE detection technology in pavement structure
detection, which is realized by the RFPA analysis system. AE
characteristics of pavement structure and internal crack
propagation law are studied. On this basis, we need to further
explore AC pavement reflection cracks. At present, research on
reflection cracks mainly focuses on the mechanism of
temperature shrinkage cracks. However, there is little research
on the influence of crack spacing based on the propagation of
reflective cracks. Therefore, this paper studies the effect of
different S/T values on the propagation of reflective cracks (S/
T represents the ratio of crack spacing to surface thickness). The
model with different foundation course crack spacing is
calculated using RFPA finite element software to determine
whether different foundation course crack spacing influences
the overall pavement structure. At the same time, according to
the results, some preventive measures are provided to provide
corresponding guidance for the prevention and control of AC
pavement in the future.

Numerical Test Process of
Low-Temperature Asphalt Concrete
Pavement Acoustic Emission
This section uses an RFPA analysis system to study the AE
characteristics of pavement structure and the law of crack
propagation inside the structure. This basis paves the way for
further exploration of AC pavement reflection cracks below. The
low-temperature performance of AC pavement mainly depends
on the low-temperature performance of the asphalt binder. The
low-temperature performance of asphalt binder plays a 90% role
in the low-temperature crack resistance of the whole asphalt
pavement materials. Road AC pavement needs to be tested all
year round of the four seasons, and the properties of asphalt are
soft in summer and brittle in winter, which is opposite to the
people’s expectations. Typically, when the temperature changes
from 70 to −40°C, the asphalt material changes from Newtonian
liquid to nearly Hookean elastomer. Under the action of low
temperature, the behavior of asphalt is close to elastic brittleness.
Therefore, the crack of asphalt at low temperature should be
mainly studied under the action of a low-temperature
environment.

Numerical Model and Boundary Conditions
The AC pavement structure is a continuous layered
structure. To simulate the AC pavement structure under the

actual low-temperature state, the AC pavement structure is
simplified as a double-layer model, as seen in Figure 2A.
Therefore, this chapter selected the red line section in
Figure 2A as the research object, simplifying the AC
pavement into a double-layer model, shown in Figure 2B. The
model’s width is 5,000 mm, and the thickness is 1,200 mm.
Furthermore, the thickness of the top layer is 200 mm, and the
cell is 40 × 1,000; the bottom layer is 1,000 mm, and the cell
number is 200 × 1,000. The model is fixed at the left and right
sides and lower and free upper boundary. According to the
meteorological data, the low-temperature region is in China
(Shen et al., 2011). The cooling in the cold areas is divided
into three periods. The cooling rates are reduced by
approximately 1, 2, and 4°C per hour, respectively, and the
lowest temperature is also below −30°C. Therefore, this paper
uses these parameters. We set the top layer temperature from 0 to
−40°C, and we lowered the temperature to −40°C in the following
three ways: the first cooling condition is temperature reduced by
1°C per step, the second by 2°C per step, and the third by 4°C per
step. The initial temperature of the lower layer of the model is
20°C. The mechanical parameters of model materials are shown
in Table 1. The variable coefficient represents the unevenness of
AC. In the surface layer, the variable coefficient is smaller than
that of the foundation course.

Figure 3 shows the relationship between the cooling
step–tensile stress change curve and the cooling step–AE
number change curve within the structure with the decrease of
temperature during the damage and failure of AC pavement
structure under three cooling rates. The cooling step−σ−emission
number is carried out below. It can be observed that the data can
be divided into several distinct stages with specific characteristics
under three cooling rates.

As shown in Figure 3, cooling condition 1 means 1°C per step,
cooling condition 2 means 2°C per step, and cooling condition 3

FIGURE 2 | Cracks of AC pavement in winter and its numerical model.
(A) AC pavement cracks experienced a winter and (B) Numerical model.
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means 4°C per step. The results of numerical experiments show
that the micro-crack process of AC pavement can be divided into
three stages:

1) Linear deformation stage. In the initial cooling stage, AE
occurs in the structure of AC pavement with a decrease in
temperature. However, the energy released is less in the early
stages of the three load steps. The relationship between the
three load steps and σ is linear in the initial stage.

2) The macroscopic failure stage of crack formation,
propagation, and penetration. The number of AE events in
the AC pavement structure increases sharply when the cooling
condition is 1/2/3. When the loading step reaches 20/13/7, the
load step–σ curve reaches the maximum value, and the
number of AE comes at the peak time. This shows that
with the increase of cooling rate, the peak value of AE
number and pavement structure damage occur earlier.

3) At the late stage of macroscopic rupture. The AE frequency of
the three cooling conditions is different from that of the initial
stage. Also, the energy released is much less than that of the
initial loading stage. In addition, the number of AE in the AC
pavement structure is relatively stable and trimmed after the
corresponding load step.

The process of crack and damage of AC pavement structure is
a process of brittleness and toughness transformation in the
whole process of AE. There is a critical transition temperature
for toughness and brittleness. In general, the AC pavement
structure has viscoelastic properties at room temperature. Due
to the decreasing temperature, the upper layer continues to
shrink, the tensile stress increases, and the lower layer stress
cannot be recovered, which leads to the relative embrittlement of
the AC pavement structure. Without the original characteristics,
the AC pavement structure was destroyed before the ultimate
strength was reached when the temperature reached the rupture
point, which led to the appearance of various cracks. In addition,
the AE curve in Figure 3 shows a basic pattern of foreshock–main
shock–aftershock similar to the law of seismic activity, and the
initial temperature drop shows a linear way. Also, the
stress drop after the mainshock is apparent, showing strong
brittleness.

Final Failure Mode of Asphalt Concrete
Pavement Structure Under Three Cooling
Conditions
Figure 4 shows the final instability and failure mode diagram
of the AC pavement structure under three different cooling rates.

Figure 4 shows the final instability and failure mode with the
AE result of AC pavement structure under these three cooling
conditions. It can be seen from Figure 4 in the case of the cooling
conditions 1, 2, and 3, respectively. The number of AE cracks in
the AC pavement structure is 4, 4, and 6, as the boundary
constraint effect may mainly cause the cracks that appear at
both ends of the model. So, the number of damages caused by
cooling may be 3, 4, and 5. Some of these rupture zones extend to
the foundation course. With the increase of cooling rate, the
number of AE fracture bands increases, and the crack
propagation deepens. With the growth of the cooling rate, the
number of AE fracture zones increases, and the crack propagation
deepens. This phenomenon is because, with the growth of cooling
rate, AE rupture points of AC pavement surface accumulate,
connect, and expand earlier, resulting in shrinkage deformation.
At this point, combined with the interlayer binding force of the
lower layer, the stress generated between layers increases, and
thus the interlayer peeling increases, so the crack increases. At the
same time, it can be found through observation that the speed of
temperature reduction is a crucial factor affecting the number and
depth of cracks.

In addition, by collecting the cumulative AE hits of the
final damage under three cooling conditions (as shown in
Figure 5, it can be seen that the cumulative AE inside the AC
concrete pavement structure increases with the loading step,
wherein, when AC pavement temperature of cooling
condition 3, cumulative AE hits of the road surface are the
largest, that is, the damage degree is the most serious. On the
other hand, we found that the cumulative AE hits of the AC
pavement structure under different cooling conditions are
within a broad range. When getting to the content, the AE
hits of the AC pavement structure will erupt and result in
ultimate instability. Therefore, the AE source can be judged
by the received AE signal, and then, the damage magnitude
and state of the structure can be evaluated. In the future, if
conditions permit, a large number of indoor and outdoor
experiments could be carried out to obtain a more accurate
range before the AE burst, and a more profound study should
be done into the relationship between the AE information
and the degree of damage and damage inside the AC
pavement structure.

Crack Formation and Saturation Process
Because there are many evolution diagrams of AE spatial
distribution under different cooling conditions, process change
diagrams that can highlight the acoustical emission
characteristics of each stage in cooling condition 2 (Figure 6)
and cooling condition 3 (Figure 7) are selected as the

TABLE 1 | Material mechanical properties.

Inhomogeneity coefficient
m

Modulus of
elasticity E/MPa

Intensity σc/MPa Thermal expansion
coefficient/°C

Thermal conductivity
W/(m°C)

Poisson ratio

Surface 3 1,200 150 2 × 10−5 10 0.25
Subbase 10 100 20 1 × 10−5 1 0.25

AE characteristic of AC pavement damage under low temperature.
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representatives of the AC pavement damage development
process. The saturation process refers to the crack propagation
gradually reaching its maximum, and crack propagation with the

four stages, and finally got saturation, no longer apparent crack
propagation.

1) Figure 6 temperature loading conditions: the initial
temperature is 0°C, each step cools 2°C. Different sizes of
red circles and black circles in the model represent AE, red

FIGURE 3 | Load step–σ–AE curves under three cooling conditions. (A)
Cooling condition 1, (B) Cooling condition 2, and (C) Cooling condition 3.

FIGURE 4 | Final failure patterns of three cooling conditions. (A) Cooling
condition 1, (B) Cooling condition 2, and (C) Cooling condition 3.

FIGURE 5 | Comparison of cumulative AE hits of three cooling
processes.
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FIGURE 6 | AE evolution with cooling down 2°C per step. (A) AE quiet
period, (B) AE accumulation period, (C) AE explosion period, and (D) AE
decline period.

FIGURE 7 | Sample AE evolution with cooling down 4°C per step. (A) AE
quiet period, (B) AE accumulation period, (C) AE explosion period, and (D) AE
decline period.
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circles represent tensile failure, and black circles represent
final failure. The circle’s position represents the rupture point
of the AC pavement structure model. Also, the circle’s size
means the energy’s size (the same to discussions later). The
specific evolution process is shown in the following figure:

First, (A) Quiet period: In the early cooling stage, a minimal
number of red circles appear on the AC pavement. These circles
first appear at the top of the pavement surface and then appear
inside the cover. These small circles represent a small number of
AE, indicating that the AC pavement structure has begun to
appear as a phenomenon of AE.

Secondly, (B) the development period is also called the
uniform random development stage. With the decrease in
temperature, the model’s black circle and red circle of AE
increased significantly. These AE circles gradually evolved
into minor points filled with the upper surface of the AC
pavement structure. This phenomenon is because some
elements on the upper surface generate tensile stress due to
temperature stress under the action of tensile stress.
The dislocation and displacement of lattices occur in the
model, resulting in AE on the surface of the AC pavement
structure. At this stage, AE is independent and has no mutual
influence.

Again, (C) the outbreak period is also called the micro-crack
nonuniform development stage. It is the most important of the
four stages. At this stage, the number of AE increased
significantly. Most of the previous circles developed into
rupture points, accounting for most of the total. Some rupture
points continued to create locally, forming large black and red
spots. At the same time, some of the scattered AE crack points in
the specimen are connected and superimposed with each other.
Finally, the auricular emission crack points gather together first,
appear as a red crack zone, and then become a black crack zone,
which is presented in the form of cracks 1, 2, and 3 in the left and
right of the pavement surface. These cracks will block the
shrinkage of adjacent areas, reduce the strength of the AC
pavement structure, and continuously reduce the service
function.

Finally, (D) the fallback period is called the micro-crack
bureau breaking development stage. At this stage, the mutual
penetration of AE crack points is increasing. From the original
AE crack zones 1, 2, and 3, new AE crack zones are continuously
inserted and extended to the grassroots. Finally, there are four AE
rupture zones on the AC pavement, which appear in the
specimen’s surface and the foundation course of the model.

2) Figure 7 shows the evolution process of the spatial
distribution of AE inside AC pavement structure when the
temperature is reduced by 4°C in each step. Similar to
Figure 6, the characteristics of each stage are not repeated.

As shown in Figure 7, six AE rupture bands appeared in the
sample model with 4°C cooling per step. Compared with the
spatial distribution evolution process of AE in Figure 5, it can be
found that with the increase of cooling rate, the number of AE
generated in the model increases, and the interlayer stripping

phenomenon is more prominent, that is, the damage to the
pavement is more serious.

From the above research, it can be seen that under cooling
conditions 2 and 3, the cracks extend to the foundation course.
Only the surface layer will be excavated and repaved when the
pavement is renovated. The gaps in the foundation course will
cause reflection cracks on the repaved surface layer, resulting in
damage to the surface layer, as shown in Figure 8. This is
inevitable. Therefore, how to reduce the probability of
reflective cracking and reduce the damage to AC pavement
structures are very important.

At present, most of the research on reflective cracks focuses on
the cracking mechanism of temperature shrinkage cracks. The
previous study of Xie (2018) showed that crack spacing affects the
stability of the overall structure to a certain extent (this crack
spacing is S in this paper). In addition, Chang et al. (2005) pointed
out that the stress distribution in the layered model will change
due to the prefabricated cracks with different S/T values. Because
the asphalt pavement is also a layered model, is this phenomenon
possible in the asphalt model? Therefore, the influences of
different S/T values on reflection crack propagation (S/T
represents the ratio of crack spacing to surface thickness) are
studied later to find ways to reduce the probability of reflection
crack formation and reduce the damage degree of the asphalt
pavement structure. Because the surface thickness T of AC
pavement is also an important influencing factor, the influence
of different S/T values on the propagation of reflective cracks is
studied later.

NUMERICAL EXPERIMENT PROCESS OF
REFLECTION CRACK PROPAGATION
MECHANISM UNDER DIFFERENT CRACK
SPACING/LAYER THICKNESS

Numerical Model and Boundary Conditions
Three cracks with equal spacing and the same depth are present
on the upper surface of the AC pavement structure foundation
course. Also, the middle crack is located in the center of the
model. The preset crack spacing is 250, 500, 750, and 1,000 mm,
so the corresponding S/T values are 1.25, 2.5, 3.75, and 5,

FIGURE 8 | Reflective crack from temperature changes.
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respectively. The actual length of the prefabricated model is 5 m;
the thickness is 1.2 m. Also, the double-layer structure model is
adopted. The thickness of the superstructure is 200 mm, and the
number of cells is 40 × 1,000. The thickness of the lower structure

FIGURE 9 | Numerical model and boundary conditions.

FIGURE 10 | Different S/T Stress-Load Step-Sound Emission. (A) Pull
down stress loading step AE curve at S/T = 1.25, (B) Pull down stress loading
step AE curve at S/T = 2.5, (C) Pull down stress loading step AE curve at S/T =
3.75, and (D) Pull down stress loading step AE curve at S/T = 5.

FIGURE 10 | (Continued).

FIGURE 11 | Cumulative AE under four S/T conditions.
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is 1,000 mm, and cells are 200 × 1,000. The model’s left and right
boundary and lower boundary are fixed, and the upper surface is
accessible. The corresponding model is shown in Figure 9. The
mechanical parameters of the materials are shown in Table 1.

Stress and Acoustic Emission Analysis
As shown in Figure 10, the curves of horizontal stress and AE
with the change of loading step under four S/T conditions are
shown. The entire simulation process can be divided into three
stages:

1) The linear stage, which occurs before the explosive growth of
AE. The stress level of the whole structure and the number of
AE show a linear growth trend.

2) Reflective crack formation, development, and penetration stage.
At this stage, the AE and stress levels peaked. The comparison

of images shows that the external loading temperature during
the formation and development of reflective cracks under
different S/T ratios was significantly different. Under four
conditions, the temperatures of reflection cracks in the
model are −23, −22, −21, and −20°C. At this time, the stress
peaks of each model are 72.8, 62.8, 69.5, and 66.3 MPa, and the
AE peak also has a noticeable difference.

3) In the later crack stage, many stress and AE levels drop after
the model’s failure under four conditions. Also, the trend is
almost the same; the final stress falls back to approximately
20 MPa.

Cumulative Acoustic Emission Analysis
Figure 11 shows the cumulative AE curve of the whole model
under four S/T values. It can be seen under the four conditions
when the loading step is 20 steps. The cumulative AE of the

FIGURE 12 | Distribution of AE during formation of reflection cracks
when S/T = 1.25.

FIGURE 13 | Distribution of AE during formation of reflection cracks
when S/T = 2.5.

FIGURE 14 | Distribution of AE during formation of reflection cracks
when S/T = 3.75.

FIGURE 15 | Distribution of AE during formation of reflection cracks
when S/T = 5.
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overall structure has explosive growth, and then, the increase is
slow. Finally, with the stop of temperature loading, the overall
cumulative number of AE has reached a fixed level. It can be seen
from the figure that with the increase of crack spacing, the
cumulative amount of AE of the whole pavement structure
will decrease. The cumulative number of AE of the system
when S/T = 1.25 is much larger than that of the form when
S/T = 5, which shows that the damage degree of the whole
pavement structure will decrease with the increase of crack
spacing.

Combined with the conclusions discussed earlier, the
pavement is more easily damaged with increased crack
spacing. We can draw a particular initial determination that
the overall AC pavement structure is more prone to damage
with increased crack spacing in the foundation course under the
uniform cooling effect. However, the degree of injury is lower
than when the crack space is small. Also, the life of the overall
pavement structure will also be extended accordingly.

Acoustic Emission Analysis Under Different
S/T Conditions
To intuitively observe the formation process of reflection cracks
under four S/T conditions, this section follows the formation and
expansion process of reflection cracks in AC pavement structure
under each state by AE module in finite element software to
determine the occurrence time and expansion mode of reflection
cracks.

They are prefabricated with S/T values of 1.25, 2.5, 3.75, and 5
crack models for numerical simulation, obtained in different S/T
values of the AE distributionmodel. The diagrammentioned later
shows the distribution of AE selected in the process of AC
pavement structure failure (Figures 12–15).

It can be seen that when S/T = 1.25, reflected cracks appeared
at the prefabricated crack position in the central part of the model
foundation course. At first, AE seemed at the crack’s tip and
gradually expanded to the AC pavement surface layer. Finally, the
reflected shots penetrated the surface structure, destroying the
pavement structure.

FIGURE 16 | Stress levels between cracks. (A) S/T = 1.25 distribution of
minimum principal stress between cracks, (B) S/T = 2.5 distribution of
minimum principal stress between cracks, (C) S/T = 3.75 distribution of
minimum principal stress between cracks, and (D) S/T = 5 distribution of
minimum principal stress between cracks.

FIGURE 16 | (Continued).
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At S/T = 2.5, the reflection cracks appear in the right area of
the central position. Also, the failure area is more significant
than that at S/T = 1.25. When S/T = 3.75, many AE
phenomena appeared on both sides of the central part of
the structural model at first. Also, two reflection cracks
appeared in the final failure state of the AC pavement
structure. It is evident that after the reflection cracks
appeared, the trials expanded to the foundation course.
Finally, it formed two shots in the ground, and the depth
was almost the same. When S/T = 5, a reflection crack appears
in the AC pavement structure after uniform cooling and is
located in the right area of the model. At the same time, this
crack also continues to expand toward the foundation course
with the decrease in temperature. The expansion depth is
more profound than S/T = 3.75, and the damage to the floor is
more serious. Finally, the number of micro-cracks in the AC
pavement surface under four conditions shows that the AC
pavement surface will decrease with increased space.

In summary, we can analyze the AE distribution map under
four different spacing of preset cracks. With the increase of preset
crack spacing, the damage degree of the AC pavement surface
layer in the AC pavement structure will decrease. Still, the
increase in preset crack spacing will lead to the expansion of
cracks in the foundation course, and the depth will increase with
the increase in space. In this case, the damage degree of the road
structure foundation course will grow.

Cumulative Acoustic Emission Analysis
To better analyze the reasons for the difference in the overall
damage of AC pavement caused by preset crack spacing, this
section analyses the stress level between four crack spacing and
the changing state of the displacement at the crack—Figure 16
analysis of minimum principal stress state between cracks under
four S/T conditions.

Figure 16 shows the minimum principal stress level between
cracks under different S/T spaces. It can be seen from the figure

that the curve is more compact with the increase in S/T value
because the number of units selected is also increased with the rise
of crack space. Overall, the minimum principal stress between
cracks under the four S/T values is a state of less than zero.
Therefore, the main force between cracks is the tensile force, the
point where the minimum principal stress is zero in the image.
This is due to the unit’s failure due to the tensile stress, which has
lost its born capacity. Specifically, when the S/T value is 1.25, the
peak value of horizontal tensile stress between cracks is 1.6 MPa,
and the overall level between shots is concentrated near 0.8 MPa.
When the S/T value is 2.5, the peak stress between cracks is
1.8 MPa, and the stress level of the whole unit between cracks is
approximately 1.2 MPa. When the S/T value is 3.75, the
horizontal stress peak between cracks reaches approxiamtely
2 MPa, and the overall stress level between shots is
approximately 1.5 MPa. Finally, when the S/T value comes 5,
the stress peak between the cracks has reached 3 MPa. Also, the
overall stress level between the crack shots is approximately
2 MPa; the stress state is precarious, and the fluctuation range
is extensive.

The analysis shows that with the increase of crack spacing, the
horizontal tensile stress level between cracks will also appear to be
an inevitable increase. The peak stress between attempts at S/T =
5 is twice that of attempts at S/T = 1.25. Therefore, by analyzing
the stress level between shots, it can be concluded that the
horizontal tensile stress between cracks will increase with the
increase of crack spacing in the foundation course. This also
explains why the degree of AC pavement structure increases with
the preset crack space. Due to the high level of horizontal stress
between cracks, it is more likely to have a micro-crack at the
intersection of the surface and the foundation course. In addition,
the high level of tensile stress between cracks will put the overall
structure in a high-stress state for a long time. Micro-crack will
gradually develop and evolve and progressively expand to the
surface layer to form reflective cracks. In addition, the high-stress
state will also make cracks develop downward along with the
pavement foundation course structure. Therefore, the foundation
course structure will also suffer a certain degree of damage.

Internal Multielement Displacement State
Analysis
To better observe the propagation state of reflection cracks under
different S/T values, the horizontal displacement state at the
formation of reflection cracks under four S/T values was analyzed.
Figure 17 is a multielement horizontal displacement analysis of
the reflection cracks in the surface layer under four S/T
conditions, where the positive and negative displacements
represent the direction.

It can be seen from Figure 17 that when S/T = 1.25, the
horizontal displacement at the formation of the reflection crack is
approximately 5.5 mm.When S/T = 2.5, the overall curve and the
curve trend of S/T = 1.25 are consistent and above S/T = 1.25.
When S/T = 3.5, the horizontal displacement is approximately
3 mm. Finally, when S/T = 5, the horizontal displacement is
approximately 2 mm. In summary, with the increase of S/T value,
the horizontal displacement formed in the surface layer shows a

FIGURE 17 | Multielement displacement state.
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decreasing state. With the rise of the S/T value, the width of the
reflective cracks in the surface structure decreases. Also, the
damage degree of the surface layer in the overall pavement
structure is also low.

CONCLUSION

Based on the temperature version of RFPA software, this paper
mainly studies the AE damage process of AC pavement structure
under a low-temperature environment, analyzes the auditory
emission characteristic information in detail, and studies the
propagation mechanism of reflection cracks under cooling
mode for four models with different S/T values. The main
conclusions are as follows:

1) The numerical test process reproduces the AE damage
process of the AC pavement structure. This clearly shows
that the instability of the AC pavement structure is not
completed instantly. The internal fracturing points of the
system are superimposed, gathered, and penetrated to
form cracks. The instability of the AC pavement
structure starts as the micro-cracks expand and
penetrate. This process demonstrates that AE
technology can detect the location of the crack and
predict the location of crack propagation.

2) It is found that the development process of AE of AC
pavement structure is summarized into four development
stages: quiet period, development period, outbreak period,
and fallback period. Moreover, different locations have
different characteristics. In a low-temperature environment,
the greater the temperature reduction rate, the earlier AE burst
time and failure in AC pavement structure will occur. This
shows that the speed of temperature reduction is a crucial
factor affecting the structural damage of AC pavement.

3) By observing the change curve of the load–stress–AE number
of the AC pavement structure. It can be observed that the AE
amplitude change shows a primary mode of the
foreshock–main shock–aftershock type similar to the
seismic activity law. The temperature at the beginning of
temperature reduction showed linearity. The stress drop after
the mainshock was significant, offering a solid brittleness.

4) The crack generated by the AC pavement structure under
temperature is divided into two cases. One is that the surface is
expanded with the change of temperature. The other is
gradually developed from the middle layer of the surface
layer. It shows that under the influence of a low-
temperature environment, the cracks appearing in
pavement structure are manifested on the road surface and
hidden inside, which becomes a hidden danger of engineering.
Therefore, AE monitoring is critical.

5) Through the study of the cumulative AE, it is found that the
AE of the entire structure shows a downward trend with the
increase of S/T value, indicating that although the rise of
preset crack spacing will make pavement structure more
vulnerable to damage, the damage degree of overall surface

structure is low. The AE distribution analysis of the model
found that with the increase of S/T value, the number of
reflective cracks in the surface layer will increase. Also, the
gaps will gradually expand to the foundation course,
causing significant damage to the overall AC pavement
structure.

6) The stress level between cracks and the multielement
displacement state at the reflection crack is analyzed. It is
concluded that with the increase of preset crack spacing, the
overall stress level between shots will increase, and the width
of reflection crack in the surface decreases. I am finally
combined with the AE distribution of the whole structure.
The reasons for the failure difference of the entire system
under different S/T conditions are analyzed. With the increase
of crack spacing, the stress level between cracks will increase,
but it is mainly used to expand trials in the foundation course,
and only a tiny part of the stress is used to develop to the
surface layer structure to form reflective cracks.

Based on the conclusions discussed earlier, this paper proposes
corresponding prevention measures to guide engineering
practice:

1) According to the conclusion of this paper, in the actual
construction process, some small spacing cracks can be
present in the large spacing cracks in a foundation course.
The reduction of spacing can slow down the frequency of
reflection cracks in some ways and avoid cracks extending to
the foundation course structure.

2) Before overlaying the AC pavement surface, if there is a
relatively concentrated crack area on the base surface,
asphalt material can be overlayed, such as using an asphalt
mixture with extensive low-temperature penetration to better
protect the surface structure.
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