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A B S T R A C T

Asphalt overlays have been widely employed in airport runway maintenance in recent years due to their ability
to minimize traffic disruption. However, they continue to face the challenge of reflective cracks originating from
the expansion joints of the underlying cement concrete runway. To better understand the cracking behavior of
asphalt overlays under the combined temperature variations and aircraft loads, this study developed a finite
element (FE) model. with the model incorporate two types of landing methods and typical temperature condi-
tions. Simulation results indicate that critical loading positions are located at the edges of original cement
concrete slabs, where shear stress is identified as the primary driver of crack evolution, with the peak stress
coinciding with the arrival of aircraft load. Furthermore, findings suggest that the use of asphalt overlays
significantly reduces the stress intensity in crack-prone areas, particularly under rough landing conditions.
Reflective cracks predominantly manifest as type II shear cracks, While aircraft loading and initial crack length
exert a relatively limited impact on crack propagation compared to temperature effects, the horizontal location of
the initial crack substantially influences both the direction and speed of crack propagation. To mitigate crack
propagation, increasing the linear shrinkage coefficient of the overlay material and the thickness of the asphalt
overlay are effective strategies for enhancing the cracking resistance of airport runways with asphalt overlays.
The methodologies and findings of this study provide valuable insights for engineering practices involving
similar structural configurations and materials.

1. Introduction

In recent years, the significant increase in aircraft traffic and loads
has heightened the demand for high-quality airport infrastructures,
particularly in rapidly developing countries and regions. Taking China
as a case study, the country recorded a substantial volume of 9.66 billion
passengers and 46.4 billion tons of cargo in 2022, with these figures
expected to continue rising rapidly in the coming years [1]. Unlike
developed regions such as Europe and North America, whose asphalt
airport runway percentage reach up to 62.4% [2], nearly 90% of Chi-
nese airport runway applies cement concrete. This preference for cement
concrete is primarily due to technological and economic considerations
during the extensive constructing period. While cement concrete offers
advantages such as high strength and load-bearing capacity, the
increased aircraft volume and load have led to structural deterioration of

airport runways. Common issues include runway separation and frac-
ture in cement concrete slabs, posing serious threats to both the safety
and longevity of airport runway [3,4]. These challenges are not unique
to China but are also observed in other developing countries and regions
[3,5]. Consequently, there is an urgent demand of maintaining existing
airport runway in terms of improve the service level of airport.

To address these challenges, geosynthetics such as geogrids and
geonets has been introduced to enhance the performance, such as
moisture ability and water management, of airport runway and roadway
pavement [6–8]. Despite their benefits, integrating geosynthetics with
asphalt layers to improve the cracking resistance of airport runway may
sometimes result in inadequate shear strength between the layers,
failing to meet the requirements in some occasions [3,9,10]. Given the
advantages of asphalt concrete pavement, which include a smooth,
joint-free, mechanized construction, and controllable quality, the use of
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asphalt concrete exclusively for airport pavement maintenance – known
as the asphalt overlay – presents a viable alternative [11,12]. This
method has been widely adopted for runway maintenance especially in
developing countries and regions. Nonetheless, long-term usage of
asphalt overlay still encounters significant issues, such as cracking and
rutting. Cracking is primarily induced by the heavy aircraft load, while
rutting is caused by temperature fluctuations. Notably, reflective
cracking within the internal structure poses a substantial threat to the
safety and comfort of airport runways, as its propagation is challenging
to monitor and assess both in field conditions and laboratory settings
[13–15].

The presence of joints and other cracks in the original concrete slab
compromises the integrity of any added asphalt overlay, as these defects
propagate under aircraft load and temperature variations [15–18].
Similar issues are observed in pavement engineering, which has been
extensively studied both through laboratory tests and numerical simu-
lations. As a result, general theories and testing methods have been
developed and applied during the process [5,19–22], making it easier to
investigate the phenomenon in airport runway. Typically, fracture me-
chanics and finite element (FE) method are the most effective ap-
proaches for studying reflective cracks in both pavement engineering
and airport runway [11,23,24]. For instance, Lytton [25] examined
differences between cracked pavement and uncracked pavement using
fracture mechanics, detailing the propagation of reflective cracks within
pavement structure. Kuai [26] further explored the impact of tempera-
ture and void ratio of asphalt mixture on the cracking behavior of
pavement structures using J-integral, thereby predicting the lifespan of
pavement structures with asphalt overlays. In the context of airport
runways, Qian [27] proposed a composite airport runway structure with
enhanced rutting resistance, comprising an epoxy asphalt layer, a stone
mastic asphalt (SMA) layer and an asphalt concrete (AC) layer. Liu [28]
developed a 3D FE model for airport runways with an epoxy asphalt
overlay, and studied the effects of overlay thickness and modulus. Ran
[29,30] compared the performance of SMA and epoxy asphalt in airport
runways using Superpave design method, demonstrating superior
rutting resistance for epoxy asphalt.

However, these studies primarily focus on single performance of
airport runways under high-temperature conditions, emphasizing
rutting resistance while often neglecting the issue of reflective cracking
in asphalt overlays. Moreover, limited availability of application sites
makes it difficult to monitor the cracking behavior of runway asphalt
overlays under varying conditions, highlighting the need for more
practicable methods, such as numerical simulations. While semi-
analytical methods have been widely used in both pavement and
airport runway analyses [31], their complexity makes it challenging to
evaluate cracking behavior of airport runways with initial cracks. In
contrast, the FE method simplifies the modelling process, and its com-
bination with fracture mechanics has proven effective for describing the
cracking behavior of structure [32–34]. Despite its advantages, research
on the cracking behavior of airport runways with asphalt overlays re-
mains limited, primarily due to the lack of extensive engineering prac-
tice. Additionally, early versions of popular FE software such as
ABAQUS and ANSYS had limited capabilities in simulating cracking
behavior under load-temperature coupling conditions, further hindering

the development of runway asphalt overlay analysis. Recent advance-
ments in computational technology have made it feasible to analyze the
cracking behavior of asphalt overlays before practical implementation
[17,21,35].

The primary challenges concerning the cracking behavior of airport
runway asphalt overlay involve rutting and cracking under load-
temperature coupling conditions. Although the application of thermo-
setting asphalt mixtures as significantly improved rutting resistance [27,
28], cracking remains a critical issue that affects the long-term safety
and comfort of airport runways. To thoroughly investigate the cracking
behavior of airport runways with asphalt overlays under varying
temperature-load coupling conditions, this study develops a corre-
sponding runway model and analyzes the development of reflective
cracks under different scenarios. The findings aim to provide valuable
insights for engineering practice. This paper was organized as follows:

Firstly, the fundamental theories and methodology employed in this
study are introduced, with a particular focus on the extended finite
element method (XFEM) and temperature field approach. Then, a
typical airport runway model with asphalt overlay, subject to various
temperature-load conditions and initial cracks, is established. Next, the
cracking features of the airport runway, including the critical loading
positions and stress intensity factors, are analyzed based on the model.
Subsequently, different factors influencing the cracking behavior of
airport runway under diverse load and temperature conditions are dis-
cussed in detail. Finally, the main findings and conclusions are detailed
in the last section.

2. Methodology

In this study, the cracking behavior was primarily analyzed using
fracture mechanics, with related parameters including the stress in-
tensity factor [23,32], and energy release rates [36,37]. Besides, the
XFEM was implemented in the FE software ABAQUS to simulate the
propagation of reflective crack [24,38,39]. During the temperature-load
coupling analysis, the periodic solar radiation was applied [40]. The
basic theories mentioned above were detailed elsewhere and this section
mainly focused on the most pertinent theories that were used.

2.1. Basic theory of fracture mechanics

According to fracture mechanics, cracks are divided into three types:
Type I, Type II and Type III, which are referred to as opening mode,
sliding mode and tearing mode, respectively, as shown in Fig. 1. In Type
I cracks, the tensile stress in the crack region is perpendicular to the
cracking surface. In Type II cracks, the tensile stress is parallel to both
the cracking surface and crack tip line. In contrast, for type III cracks, the
stress is oriented longitudinally, perpendicular to the side of cracking
region. Based on previous researches [4,18,41], the primary crack types
in the airport runway with asphalt overlays are Type I, Type II and
mixed Type I + Type II, which are similar to those the cement concrete
pavements with asphalt overlays.

For all three types, their corresponding stress intensity factors,
denoted KI, KII and KIII, are defined through Eq. (1)~(3):

Fig. 1. Three types of cracks (a) opening mode, (b) Sliding mode, and (c) tearing mode.
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KI = lim
r→0

̅̅̅̅̅̅̅̅
2πr

√
σy(r, 0)# (1)

KII = lim
r→0

̅̅̅̅̅̅̅̅
2πr

√
τxy(r, 0)# (2)

KIII = lim
r→0

̅̅̅̅̅̅̅̅
2πr

√
τyz(r,0)# (3)

where σy and τxy are stress components at the crack tip, which can be
calculated using equations introduced elsewhere [16].

By applying the stress intensity factor, the trend of cracking propa-
gation can be effectively determined using the K principle. For instance,
in case of Type I crack, the critical K value under plane stress and plane
strain conditions is denoted as Ki and KiC, respectively. If the stress in-
tensity factor K ≥ Ki or K ≥ KiC, the crack at this location is likely to
propagate. A similar criterion can be applied to other two types of cracks
or mixed type cracks.

Specifically, for airport runway with asphalt overlays, the mixed
Type I + Type II also occur within the structure. Under these conditions,
the rotation angle φ and twisting angle ψ can be calculated using Eq. (4)
and Eq. (5), respectively:

KIsinφ + KII(3cosφ − 1) = 0# (4)

tan2ψ =
2KIII

Keff − 1,2(1 − 2v)
# (5)

where Keff − 1,2 is the effective stress intensity factor for a mixed Type I +
Type II crack, which can be calculated using Eq. (6):

Keff − 1,2 =
0.83KI +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

0.45K2
I + 3K2

II

√

1.5
# (6)

Additionally, the cracking behavior can be described using energy
release rate, known as the G principle [36]. According to this theory, for
a two-dimensional crack, the energy release rate G can be calculated
using crack closure integral, as shown in Eq. (7):

G = lim
Δa→0

1
Δa

∫ Δa

0
σi2(x1,0)ui(Δa − x1, π)dx1# (4)

where Δa is the new crack length, and the displacement components are
written as functions of the polar coordinates r = Δa − x1 and θ = π.

2.2. XFEM method

To describe the crack length, the XFEM is widely applied in FE
software. Based on the partition of unit theory [42,43], XFEM posits that
any function φ(x) can be decomposed into local functions Ni(x)φ(x), as
shown in Eq. (8):

φ(x) =
∑n

i=1
Ni(x)φ(x),

∑n

i=1
Ni(x) = 1# (8)

when the cracks propagate, a crack tip asymptotic function is added to
approximate the jump function, reflecting the surface discontinuity of
the crack, as depicted in Fig. 2. Additionally, extra degrees of freedom
are introduced to describe the displacement discontinuity of the crack,
as shown in Eq. (9):

u =
∑n

i=1
Ni(x)

[

ui + H(x)ai +
∑4

α=1
Fα(x)bα

i

]

# (9)

where u represents displacement vector of any point in the region. ui
represents the normal displacement vector of a typical point. Ni(x) are
the shape functions of any point in the region. ai represents the vector
associated with intermittent additional degrees of freedom. bα

i denotes
the vector corresponding to singularity additional degrees of freedom.
Fα(x) is a function that reflects the singularity at crack tip. H(x) is a jump
function that captures the surface discontinuity at crack tip.

When applying XFEM in calculating crack growth, only the
maximum principle criterion can achieve the free growth of a crack in FE
software. This principle is described by Eq. (10):

f =
{
〈σmax〉

σ0
max

}

# (10)

where σmax and σ0max represent the maximum principle stress and
maximum allowable stress, respectively. Besides, the method for eval-
uating and describing crack evolution is introduced in Ref. [44].

2.3. Temperature field and convection heat transfer

During the operation of airport runways, aircraft load and temper-
ature are two main factors influencing the internal stress of the struc-
ture. Furthermore, the relationship between temperature and thermal
stress is weakly coupled, meaning that temperature variations signifi-
cantly impact stress, but stress variations have limited influence on
temperature field. Based on this characterization, thermal-force
sequential coupling analysis was applied in this study [40,45]. The
analysis process can be divided into two steps: the first step involves
calculating the temperature field, and the second step involves calcu-
lating the stress field by applying the temperature field as a volumetric
load.

In determining the temperature field, the primary heat source for the
airport runway is short-wave radiation originating from the sun, which
can be simplified to heat flux. Meanwhile, the radiation of airport
runway is assumed to occur through convection. The entire solar radi-
ation and convection process is illustrated in Fig. 3.

During the process, the heat flux q consists of three components:
solar radiation qs, convection heat transfer qc, and effective surface heat
radiation qr. Thus, q can be calculated using Eq. (11).

Fig. 2. Additional functions at crack tip.

Fig. 3. Schematic of calculating temperature field.
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q = qs + qc + qr# (11)

The three components can be calculated separately. For solar radi-
ation qs, its variation intensity on a sunny day can be approximated
using a sine or cosine function, as shown in Eq. (12)[46,47].

qs(t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

0, 0 ≤ t ≤ 12 −
c
2

q0cosmω(t − 12), 12 −
c
2
< t ≤ 12+

c
2

0, 12+
c
2
< t ≤ 24

# (11)

where q0 is the maximum daily solar radiation (J/m2),calculated as q0 =

0.131mQ,m = 12/c. Here, c is the effective daylight hours, Q is the total
daily radiation, and ω is the frequency with a value of π/12.

However, since the above function is a non-smooth continuous
function with jump discontinuities, it is necessary to represent it using a
smooth continuous series, such as Fourier series, as shown in Eq. (12).
Engineering practice indicates that when the order k = 30, the accuracy
of this equation can meets the requirements.

qs(t) =
a0
2
+
∑∞

k=1

akcos
kπ(t − 12)

12
# (12)

where a0 =
2q0
mπ and ak can be calculated using Eq. (13).

ak =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

q0
π

[
1

m+ k
sin(m+ k)

π
2m

+
π
2m

]

, k = m

q0
π

[
1

m+ k
sin(m+ k)

π
2m

+
1

(m − k)
sin(m − k)

π
2m

]

, k ∕= m
#

(13)

The user subroutines (DFLUX) was applied in ABAQUS to define the
absorbed amount of solar radiation.

For the second component of heat flux, the convection heat transfer
can be calculated using Eq. (14)[48].

qc(t) = ac[Ta(t) − Ts(t) ]# (14)

where ac is the convective heat transfer coefficient. Ta(t) is the ambient
temperature around the asphalt overlay, and Ts(t) is the temperature at
the surface of the asphalt overlay. The convective heat transfer coeffi-
cient ac is usually related to the wind speed on the surface of asphalt
overlay vw and can be calculated using Eq. (15).

ac = 3.7vw + 9.4# (15)

Additionally, the daily ambient temperature Ta(t) can be calculated
using Eq. (16).

Ta(t) = Ta + Tm[0.96sinω(t − t0) + 0.14sin2ω(t − t0) ]# (16)

where Ta is the average temperature of the monitored day. Tm is the
difference between the highest and lowest temperature in a day, and t0 is
initial phase. The user subroutine (FILM) was applied in ABAQUS to
model the convective heat transfer behavior.

For the third component, the effective surface heat radiation qr, it
can be calculated using Eq. (17)[49].

qr = εσ
[(
T1|Z=0 − TZ

)4
− (Ta − TZ)

4
]
# (17)

where ε is the surface emissivity, valued at 0.81 for asphalt overlay. σ is
the Stefan-Boltzman constant, valued at 5.6697× 10− 8. T1|Z=0 is the
temperature at the overlay surface. Ta is the ambient temperature. TZ is
the absolute zero temperature, valued at − 273 ◦C.

3. Modelling the airport runway with asphalt overlay

3.1. Geometric model

In this study, a typical airport with an asphalt overlay was selected as
the example to characterize the cracking features of overlay structure, as
illustrated in Fig. 4(a). The original airport runway consists of four
layers: a cement concrete layer with a thickness of 40 cm, a cement
stabilized gravel with a thickness of 20 cm, a graded gravel with a

Fig. 4. Schematic of typical airport runway with asphalt overlay (a) structure, and (b) FE model.

Table 1
Material parameters of the structure [40,52].

Layer Density
/(kg⋅m− 3)

Elastics modulus
/MPa

Poisson’s ratio Expanding coefficient /◦C− 1 Thermal capacity
/(J⋅m− 1⋅h− 1⋅◦C− 1)

Thermal conductivity
/(J⋅kg− 1⋅◦C− 1)

Overlay 2500  0.25 2.6×10− 5 925 4660
Cement Concrete Plate 2800 34400 0.15 1.2×10− 5 902 5626
Cement Stabilized Gravel 2200 1700 0.25 6×10− 6 960 5616
Graded Gravel 2300 1600 0.25 6×10− 6 960 5616
Soil Base 1800 80 0.4 4.5×10− 6 901 2160
Steel Rods 7850 210000 0.3 1.35×10− 5 465 161954
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thickness of 20 cm, and a soil base. To avoid the negative influence of
boundaries, the thickness of soil base layer in the model is set to 5 m.
Additionally, the thickness of asphalt overlay is set to 5 cm. Regarding
the runway structure, all layers except for the cement concrete layers are
continuous. The cement concrete layer is composed by runway slabs,
each measuring 5m× 5m. The width of the joints between the slabs is set
to 8 mm. There are a total of 16 slabs in the model, arranged in 4× 4
grid. Consequently, the overall dimensions of the model are 20.024m×

20.024m× 5.85m. During the calculating process, the boundary condi-
tion in the vertical direction (the load direction) was fixed. The
boundary conditions in the longitudinal and horizontal directions were
set as zero displacement in the X Y directions, respectively.

During the analysis, all materials were treated as homogeneous
linear elastic materials, and their basic material properties, including
thermal parameters, are uniformly listed in Table 1. It is important to
note that the fracture energy obtained through indoor semi-circular
bending (SCB) tests was used as the critical material parameter to con-
trol cracking behavior. The validity of this approach has been confirmed
in previous research [32]. This study examines two types of asphalt
mixtures used in airport runway overlays: SMA-13 and EAM-13. Ac-
cording to the methodology described in Ref. [32], the fracture energy
values for these materials were determined using indoor SCB tests. The
fracture energy for SMA-13 and EAM-13 are 383.76 J/m2 [50] and
1706.42 J/m2 [51], respectively. Other thermal-related parameters and
densities are set identically for both mixtures, as they are asphalt-based
materials with similar aggregate grading, as shown in Table 1. Addi-
tionally, the viscoelastic properties of SMA-13 and EAM-13 are
described using the generalized Maxwell model. In ABAQUS, this is
implemented via an 11-order Prony series, whose accuracy has been
validated by previous research [32,34]. Specific values for SMA-13 and
EAM-13 are referenced from Ref. [34] and are not detailed here for the
sake of brevity. In Table 1, the elastic modulus of the overlay is not listed
since a viscoelastic constitutive model was employed. The wind speed vw
was set to 2.9 m⋅s− 1 based on the meteorological data. Moreover, both
the steel transmission bar and tie rod at the joint have a diameter of
0.038 m and a length of 0.55 m.

3.2. Load of aircraft

Two types of aircraft loads were considered in this study: sliding load
and rough landing, to simulate different working conditions of the
asphalt overlay. The sliding load Fs is mainly composed of two compo-
nents, those are, the static load FI and the dynamic load FII, represented
as:

Fs = FI + FII# (18)

where FI and FII can be calculated using Eq. (19) and Eq. (20),
respectively.

FI =
Gs

N
(
1+ Kp − Kc

)
# (19)

FII =
Gs

N
(Kc − 1)sinωt# (20)

where Gs is a single axle load of the landing gear. Kp and Kc are dynamic
coefficients, and N is the number of wheels. Based on previous research
[53], Kp can be calculated using Eq. (21).

Kp = 1+ 0.023
̅̅̅
v

√
− 0.00015031v2# (21)

when v = 11.31m/s, the maximum value of Kp is 1.058, and corre-
sponding Kc is 1.077. Therefore, the sliding load Fs can be expressed as

Fs = 222.988+ 17.586sin(18.175t)# (22)

For the rough landing load, it is generally accepted that an aircraft
will bounce several times when landing on the airport runway at a high

speed. According to Liu’s research [54], the load of landing process of
Boeing 747 aircraft can be depicted as shown in Fig. 5.

During the simulation, only the first jump – spanning from 0 s to
0.15 s – was considered, as the amplitude of subsequent lateral jump is
much lower and has limited influence on the crack propagation. To
incorporate both the sliding load and rough landing load during the
simulation, the user subroutine VDLOAD in ABAQUS was utilized.

3.3. XFEM model and working condition

The FE software ABAQUS was used to perform the entire calculation.
To achieve load-temperature coupling analysis, a temperature-
displacement coupled step was employed in the FE model, and the
corresponding three-dimensional 8-node thermo-displacement coupled
element (C3D8RT) was used for meshing the entire model during
temperature-load coupling analysis. For static and dynamic analyses
without temperature field, the model was meshed with three-
dimensional 8-node reduced integration element (C3D8R). The sche-
matic of the meshed model is shown in Fig. 6(a).

Additionally, the XFEM was employed to handle arbitrary disconti-
nuities without requiring mesh reconstruction. This approach allows the
model to be generated based on the structural dimensions, with con-
ventional displacement functions at the crack tip enhanced by additional
functions. Consequently, a critical aspect of the modelling process was
setting the initial reflective XFEM crack in the runway structure. In this
study, the level set technique was used to generate the initial cracks,
with its fundamental theories detailed elsewhere [55].

The initial crack was placed at the bottom of asphalt overlay, ori-
ented with the crack surface facing vertically upward (in the positive Z-
axis direction). The bottom end of the crack intersected vertically with
the bottom surface of the paving overlay layer, and the crack extended
horizontally, parallel to the horizontal joints, across the entire width of
the asphalt overlay, as depicted in the left image of Fig. 6(b). To enhance
the convergence during the calculation of the stress intensity factor, the
mesh around the crack tip was manually refined, as shown in the right
image of Fig. 6(b).

To ensure clarity in subsequent presentations, the working condi-
tions analyzed in this study are outlined as follows:

Firstly, the distribution schemes for normal sliding loads and rough
landing loads are shown in Fig. 7(a) and Fig. 7(b), respectively. In Fig. 7
(a), the slide speed is 11.59 m/s, the slide time is 2.2 s, and the sliding
distance is 25.20 m. In Fig. 7(b), the initial landing speed is 74.9 m/s,
the landing duration is 0.15 s, and the sliding distance is 11.24 m. The
block dots in these figures represent the contact points between the

Fig. 5. Schematic of rough landing aircraft load.
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landing gear and the airport runway. Each adjacent group of four dots
represents one landing gear, and the four sets of landing gears indicate
the initial and final positions of the aircraft.

Secondly, to analyze the critical load positions under static load, 32
different static load distribution schemes were investigated. These 32
schemes are categorized into four types: front eight tires-longitudinal
joints, front eight tires-transverse joints, back eight tires-longitudinal
joints, and back eight tires-transverse joints. The categories are desig-
nated as Q8-Z1~Q8-Z8, Q8-H1~Q8~H8, H8-Z1~H8-Z8, H8-H1~H8-

H8. In each category, the number 1 denotes a load position directly
adjacent to one side of the joint, while the number 8 denotes a position
directly adjacent to the opposite side of the joint. For instance, the load
positions categorized as Q8-Z1~Q8-Z8 are illustrated in Fig. 7(c1) and
Fig. 7(c2). This figure displays eight images depicting the relative po-
sitions between the landing gear and the airport runway joint, ranging
from completely on one side of the joint to entirely on the other side. The
mechanical response for each load position was analyzed to determine
the critical static load position.

Fig. 6. Schematic of (a) meshed model, and (b) location of initial crack.

Fig. 7. Schematic of load distribution (a) sliding load, (b) rough landing load, (c1) static load position for Q8-Z1~Q8-Z4, (c2) static load position for Q8-Z5~Q8-Z8.
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4. Results and discussion

4.1. Cracking features under static load approach

4.1.1. Critical load position
To align the mechanical response of an airport runway under dy-

namic loads with that under static loads, a dynamic load factor is typi-
cally applied. Unlike dynamic loads, which vary the loading position
over time, static loads maintain a fixed position and must be varied to
approximate the dynamic response as closely as possible. Similar to
cement concrete pavements with asphalt overlays, the primary effect of
the load is on the shear stress at the bottom of asphalt overlay, which in
turn influence the propagation of reflective cracks. Therefore, this sec-
tion investigated the shear stress S13 at the bottom asphalt overlay
under different load conditions, as detailed in Table 2.

Table 2 shows that the maximum shear stress S13 occurs under load
conditions Q8Z1, Q8H6, H8Z7, H8H5, respectively, for each category.
However, in practical scenarios, it is challenging to standardize the exact
positions of all front and rear tires. Therefore, the relative positions of
the transverse and longitudinal joints for the front and rear tires are
combined. The mechanical response is then compared between the load
configurations Q8Z1H6 andH8Z7H5.The two load distributions are
illustrated in Fig. 8(a) and Fig. 8(b), respectively.

The calculation results show that the maximum shear stress S13
under load conditions Q8Z1H6 and H8Z7H5 are 1.21×106 Pa and
1.59×106 Pa, respectively. The results indicate that the maximum shear
stress in H8Z7H5 is higher than that for Q8Z7 and other individual
configurations. For the H8Z7H5 load condition, the maximum shear
stress occurs directly above the transverse central joint, whereas for the
Q8Z7 condition, it occurs above a transverse joint near the edge. The
boundary conditions used in the simulation can cause stress

concentrations at the model boundaries, which may not reflect real-
world conditions accurately. Therefore, for better convenience and ac-
curacy in subsequent crack propagation study, it is more appropriate to
use H8Z7H5 load distribution.

4.1.2. Stress intensity factor
To investigate the influence of initial crack length on the stress in-

tensity factor, three kinds of initial crack length were considered: 5 mm,
10 mm, and 15 mm. The results of stress intensity factor and cracking
angle were shown in Fig. 9(a)~Fig. 9(d), respectively. The distances
shown are from the left edge of the model (along the y-axis). The upper
x-axis indicates the locations of the wheel load prints. The three red
dashed lines represent the position of three horizontal seams.

It is evident that the length of the initial cracks significantly affects
the cracking behavior. Generally, cracks located closer to the center of
the model horizontally have a greater impact on the stress intensity
factor at the crack tip. For crack lengths ranging from 5 mm to 15 mm,
shorter cracks tend to show higher maximum values for the stress in-
tensity factors. Under static loading, the stress factor strength KI is pri-
marily influenced by the load position, with a less significant
relationship to the transverse joint. KI is almost always negative at
different crack tip locations, indicating that cracks tend not to propagate
under static loading; instead, they may even to cloase, suggesting
limited expansion of Type I cracks.

Similarly, the stress intensity factor KII is negative at various crack tip
locations and is mainly affected by the load position. However, where
the load and joint overlap, there is a superposition effect that causes KII
to be larger than that at other locations. Positive and negative values of
KII reflect different expansion directions, indicating that shear cracks
still have the tendency to expand.

The stress intensity factor KIII varies between positive and negative

Table 2
Maximum absolute value of S13 under different loading conditions.

Q-Z Max S13
(Pa)

Q-H Max S13
(Pa)

H-Z Max S13
(Pa)

H-H Max S13
(Pa)

Q8Z1 1.45E+06 Q8H1 8.53E+05 H8Z1 1.33E+06 H8H1 1.23E+06
Q8Z2 1.30E+06 Q8H2 1.18E+06 H8Z2 1.31E+06 H8H2 1.27E+06
Q8Z3 1.32E+06 Q8H3 1.12E+06 H8Z3 1.31E+06 H8H3 9.21E+05
Q8Z4 1.19E+06 Q8H4 7.99E+05 H8Z4 1.50E+06 H8H4 9.74E+05
Q8Z5 1.36E+06 Q8H5 8.24E+05 H8Z5 1.42E+06 H8H5 1.45E+06
Q8Z6 1.31E+06 Q8H6 1.19E+06 H8Z6 1.30E+06 H8H6 1.42E+06
Q8Z7 1.30E+06 Q8H7 1.16E+06 H8Z7 1.55E+06 H8H7 1.36E+06
Q8Z8 1.33E+06 Q8H8 8.92E+05 H8Z8 1.31E+06 H8H8 8.79E+05

*Note: In the table and related expressions, Q8 refers to the front eight tires of main landing gears, while H8 refers to the rear tires of main landing gears. Z denotes a
longitudinal joint, and the latter H denotes atransverse joint.

Fig. 8. Schematic of load position (a) Q8Z1H6, and (b) H8Z7H5.
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values on distance, with the highest value occurring where the wheel
prints are located. Although KIII affects the direction of crack expansion,
its maximum value is considered smaller than that of KII, suggesting that
type III cracks are less prominent under static loads.

Regarding the cracking angle, its distribution on both sides of the
model under static load is roughly symmetrical. Near the edges of the
model, the cracking angle becomes more negative, while closer to the
transverse joint, the angle becomes more positive. In the central region
of the model between the transverse joints, the cracking angle is mini-
mal. This distribution implied that cracks will expand vertically upward
in the center of the model and diagonally at the edges. In summary, for
cement concrete airport runways with asphalt overlays, the primary
cracking mode under static load is type II cracks. Type III tearing cracks
are less likely to occur, and Type I tension cracks are rare, consistent
with previous studies [56].

4.2. Cracking features under temperature-load coupling factors

4.2.1. Comparison of different analysis method
Due to the long-term effect of temperature loads, repeated applying

daily temperature variation in ABAQUS would require substantial
computational time. Additionally, using XFEM in ABAQUS can lead to
serious convergence problems. Therefore, this section explores two
methods to address the convergence issue in cracking simulations under
cyclic temperature loading: the traditional direct cyclic analysis step and
the new Fatigue analysis step. The advantages and disadvantages of
these methods are compared to determine the most suitable approach
for subsequent temperature-load coupling analysis.

For the comparison, the initial crack length was set to 5 mm. To
enhance the analysis efficiency, only the 15-hour cooling period from
approximately 1 PM to 4 AM the next morning was used for direct cyclic
simulation analysis. In this analysis, the single cycle time of t was set to
15 hours; the total number of cycles was set to 140,000; the maximum
Fourier series order n was 25; and the maximum incremental step was

Fig. 9. Stress intensity factors and cracking angle under the action of critical static load (a) KI, (b) KII, (c) KIII, and (d) cracking angle.
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Fig. 10. Comparison of direct cyclic step and fatigue step (a) crack path of direct cyclic step, (b) crack path of fatigue step, (c) crack length of direct cyclic step, and
(d) crack length of fatigue step.

Fig. 11. Comparison between cracking features under the action of cooling cyclic and whole day’s temperature range through (a) crack length, and (b) energy
release rate.
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set to 0.25 hours, based on the requirements of being less than t/
(2 n+1). For the Fatigue step settings, to ensure complete crack pene-
tration, the number of cycles was increased to 160,000, with a cycle
increment set to 0.02 hours, and the damage tolerance was left at default
value of ABAQUS. The crack propagation paths and result data from
both analysis methods are shown in Fig. 10(a)~Fig. 10(d), respectively,
where crack length is as the vertical distance in the Z-axis direction.

By comparing the four images from Fig. 10(a)~Fig. 10(d), it is
evident that when the model size, calculation parameters, mesh scheme,
and temperature cyclic are identical, the from both analysis methods are
similar in terms of crack length, particularly when the load cycles are
relatively few. However, as the number of load cycles increases, the
fatigue analysis method shows a higher crack propagation rate
compared to the direct cyclic method.

The crack location and length can be easily monitored by examining
the cracked regions in Fig. 10(a) and Fig. 10(b). Nonetheless there are
notable differences between the two methods, particularly regarding
calculation time and geometric nonlinearity. The direct cyclic method
requires over 30 hours of computation and does not accommodate
geometric nonlinearity, leading to poor convergence. In contrast, the
Fatigue analysis method takes less than 10 hours and supports geometric
nonlinearity, resulting in better convergence. Additionally, according to
ABAQUS user’s manual, the Fatigue step is better suited for calculating
the mechanical response of thermosetting materials like asphalt con-
crete. Consequently, the Fatigue step was chosen for further analysis.

4.2.2. Crack evolution at fatigue conditions
Based on the aforementioned advantages, the Fatigue step is suitable

for analyzing the mechanical response of the structure under the influ-
ence of a full day’s temperature variation. Additionally, incorporating
geometric nonlinearity enhances the accuracy of crack calculations. For
a clearer understanding, Fig. 11(a) and Fig. 11(b) compare the cracking
features under cooling cyclic conditions with those under the full day’
temperature range, while Fig. 12(a) and Fig. 12(b) compares calcula-
tions with geometric nonlinearity to those without it.

From Fig. 12(a) and Fig. 12(b), it is evident that both the cracking
speed and energy release rate are higher under the full day’s tempera-
ture ranged compared to the cooling cyclic conditions. When the crack
completely penetrates the asphalt overlay, the cooling cyclic requires
11331 more cycles than the full day’s cyclic analysis with a delay of
7.93 %. Additionally, the energy release rate during the steady cracking
period is 3.9 % lower for the cooling cyclic analysis compared to the full

day’s cyclic analysis. These results suggests that using cooling cyclic
conditions to analyze the cracking behavior of asphalt overlay has a
negligible impact on calculation accuracy. The fatigue step, therefore,
enables efficient and accurate analysis of reflective crack in asphalt
overlay.

Having determined the calculation method for analyzing reflective
cracks in asphalt overlay, the next step is to investigate the influence of
various factors on cracking behavior. Four aspects will be examined:
load conditions, initial crack length and horizontal location, linear
shrinkage coefficient, and asphalt overlay thickness. These factors will
be detailed in the following sections.

4.2.3. Comparison of crack propagation with different asphalt overlay
To analyze the differences between temperature-only action and

temperature-load coupling action, as well as the effects of vertical crack
location and different asphalt overlay materials, four working condi-
tions were investigated separately, as shown in Table 3. Two types of
materials were considered: epoxy asphalt mixture (EAM) and SMA-13.
The material parameters were referred from [51] and [27], respectively.

During the analysis, the model incorporated the whole-day temper-
ature variation and utilize the fatigue. The maximum number of load
cycles was set to 200000. The simulation results are presented in Fig. 13
(a)~Fig. 13(d).

It can be seen from Fig. 13(a)~Fig. 13(d) that the cracking behaviors
under temperature-load coupling and temperature-only conditions are
relatively the same, indicating that, during long-term service, aircraft
load has limited impact on crack propagation in asphalt overlays. This is
because the energy release rates for temperature-load coupling and
temperature-only conditions predominately involve Type I cracks,
which are driven by tensile stress. Additionally, static analysis results
show that the loading effect mainly influences Type II shear cracks, with

Fig. 12. Comparison between calculation results with and without geometric nonlinearity through (a) crack length, and (b) energy release rate.

Table 3
Working conditions for comparing cracking behavior with different overlay
type, vertical crack location and load type.

Group
name

EA1 EA2 EA3 SMA

Material EAM EAM EAM SMA− 13
Location Bottom of

overlay
Top of overlay Bottom of

overlay
Bottom of
overlay

Load
type

Temperature-
load coupling

Temperature-
load coupling

Temperature
only

Temperature-
load coupling
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a smaller impact on Type I cracks. On the other hand, applying the
aircraft load only 1500 times at 24-hour intervals in the calculation
process, while more reflective of real-world conditions, results in
negligible fatigue accumulation due to the spase loading frequency
compared to the temperature effects.

Regarding overlay materials, it is evident that the fatigue life of the
EAM is significantly greater than that of SMA-13. For the same crack
extension length, SMA-13 exhibits a much higher cracking rate—over 10
times that of EAM. Although the difference in energy release rate be-
tween SMA-13 and EAM is not substantial (within 1000 N/m), SMA-13’s
lower fracture energy (900 N/m) contributes to its faster cracking. Ac-
cording to ABAQUS default settings, if the energy release rate ΔG ex-
ceeds 0.85 times the fracture energy, to the crack progresses to
destabilization. Thus, despite similar energy release rates, SMA-13
cracks develop more rapidly until destabilization occurs. Using the
Paris formula, the initial cracking speed of SMA-13 was found to bemore
than 10 times greater than that of EAM, confirming the reliability of the
crack propagation comparison results.

Regarding the vertical position of the initial crack, reflective cracks
at the bottom of the EAM expanded faster than top-down normal

temperature-shrinkage cracks. The initial energy release rate for
reflection cracks was 3.7 times higher than for normal temperature-
shrinkage cracks. The reflective crack began expanding 110000
loading cycles earlier and fully penetrated 587000 cycles earlier that the
normal crack. Additionally, the maximum crack expansion rate during
stabilization was 10 % faster for reflective cracks compared to normal
crack. While reflective cracks expand faster, the difference is not several
times greater. Furthermore, it has been observed that micro-cracks are
more-likely to occur on the surface of asphalt pavement under heavy
aircraft loads, suggesting that the upper layer may be more susceptible
to initial cracking that the lower layer, and both upper and lower cracks
may expand simultaneously through the asphalt pavement.

4.2.4. Influence of crack length and horizontal location
The previous section discussed the cracking behavior of an initial

crack located directly at the center of joint with a length of 5 mm. To
investigate cracking behavior in more detail, three initial crack lengths –
5 mm, 10 mm, and 15 mm – were analyzed, and the results are shown in
Fig. 14(a)~Fig. 14(c). Regarding the horizontal location of the initial
crack, four conditions were considered: cracks 10 mm and 5 mm from

Fig. 13. Cracking behavior under different load conditions through (a) crack length, (b) energy release rate, and (c) and (d) cracking speed.
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the center panning along the positive direction of the x-axis (groups
DIS1 and DIS2, respectively), cracks 10 mm and 5 mm from the center,
panning along the negative direction of the x-axis (groups DIS4 and
DIS3, respectively). The cracking paths for these conditions are illus-
trated in Fig. 15(a)~Fig. 15(d), while a comparison of cracking-related
parameters is shown in Fig. 16(a)~Fig. 16(c). The values for the control
subject, which involves the initial crack located on the center of the
joint, are also provided for reference.

It can be concluded that the longer the initial crack length, the
greater the degree of crack extension for the same number of loading
cycles. However, when the three crack lengths are equal, the extension
behavior is very similar. This is due to the tensile stress-dominated na-
ture of Type I cracks under variable temperature conditions, causing all
cracks to extend almost vertically within minimal horizontal displace-
ment. As a result, the initial conditions of the three different crack
lengths are effectively equivalent to different degrees of the same crack.
Furthermore, the variations in energy release rate and cracking speed
during crack extension for the three initial crack lengths are also very
similar. The number of load cycles at the coordinate points in the figure
corresponds to the crack lengths at each stage. By comparing the energy
release rate and cracking speed across different plots, it is evident that
the energy release rates and cracking speeds for the three groups of

cracks with the same crack lengths are nearly identical.
Analyzing Fig. 15(a)~Fig. 15(d) and Fig. 16(a)~Fig. 16(c) reveals

that reflective cracks near the central transverse joint of the cement slab
tend to move closer to the vertical plane directly aligned with the
transverse joint. Additionally, the closer a reflective crack is to the
center, the greater the degree of vertical expansion for the same number
of load cycles. The horizontal offset of left-right symmetric directions
has minimal impact on the extent of crack expansion, with both sym-
metrically distributed cracks exhibiting almost identical expansion for
the same number of load cycles. There is only a small difference in the
degree of crack extension between cracks offset by 5 mm and those
directly centered on the reflective crack. However, a more significant
difference is observed in the degree of crack extension between cracks
offset by 10 mm and those offset by 5 mm or centered.

Regarding the energy release rate, cracks closer to the transverse
joint exhibit higher energy release rates, and this difference increases as
the number of load cycles grows. Among the symmetrically distributed
cracks, the energy release rates for the two groups within a 5 mm offset
are almost identical, with a maximum energy release rate of about
519.9 N/m during the stable expansion phase, which is 40.7 % lower
than that of the central crack. Similarly, the energy release rates for the
two groups of cracks with a 10 mm offset are nearly identical, showing

Fig. 14. Influence of initial crack length on (a) crack length, (b) energy release rate, and (c) cracking speed.
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only minor differences during the initial expansion phase. The
maximum energy release rate for the 10 mm offset cracks is approxi-
mately 515.3 N/m, which is 40.2 % lower than that of the central crack.
Unlike the steady increase in the energy release rate observed for the
central crack during the stable expansion phase, the energy release rate
for offset cracks fluctuates significantly in the early stages. This fluctu-
ation may be due to variations in crack paths. Initially, the energy
release rate of the crack with a 5 mm offset is lower than that of the10
mm offset but eventually surpasses it and remains higher throughout the
expansion.

4.2.5. Influence of linear shrinkage coefficient
The linear shrinkage coefficient determines the average elongation

or shrinkage of the material during heating or cooling, which affects the
deformation behavior of each layer of the runway. In the model, the
deformation of the asphalt overlay in a variable temperature environ-
ment is constrained not only by the boundary conditions, which
generate temperature-induced stress, but also by the relative constraints
imposed by the cement concrete layer, due to the difference in line
shrinkage coefficients between the asphalt overlay and the cement
concrete layer. This effect is particularly pronounced at the joints of
cement slabs, where the overlay is subjected to the more significant
tensile and shear stresses. Using an asphalt overlay shrinkage coefficient
of 2.6×10− 5 as the control reference, shrinkage coefficients of
1.74×10− 5, 2.03×10− 5, 2.31×10− 5, and 3.00×10− 5- designated as
LSC1, LSC2, LSC3, and LSC4, respectively – were investigated in detail.
The initial crack length was set to 5 mm, and the calculation results are
shown in Fig. 17(a)~Fig. 17(c).

The figure shows that the smaller the shrinkage coefficient, the more
difficult it is for the crack to propagate. For the same number of load
cycles, a smaller shrinkage coefficient results in a shorter crack length
and a lower the energy release rate. When the crack extension reaches
the stabilization stage, compared to the LSC1 group (with the smallest
shrinkage coefficient), the maximum energy release rates of the other
four groups with increasing coefficients of shrinkage are 14.3 %, 29.0 %,
45.1 %, and 68.9 % higher, respectively, than those of the LSC1 group.
The LSC4 group, which has the largest shrinkage coefficient, shows a
dramatic increase in energy release rate and exhibits obvious instability
in the later stages of crack extension. This is because, under these

conditions, when the load cycles increase from 137,500 to 150,000, the
initial crack has penetrated the entire asphalt overlay. However, the
exact cycle count at which penetration occurs is not identifiable during
the process, leading to an extremely high energy release rate at the
150,000-cycle mark. Similarly, the larger the shrinkage coefficient, the
faster the cracking speed for the same number of load cycles, with the
greatest difference in cracking speed – up to 7.2 % – observed between
the LSC1 and LSC4 groups. In the stable expansion stage, the maximum
cracking speeds for the LS2, LS3 and control groups are 4.1 %, 7.9 % and
11.8 % faster, respectively, than those of the LSC1 group. Considering
that the original cement concrete runway has a shrinkage coefficient of
1.2×10− 5, it is evident that when the shrinkage coefficient of the asphalt
overlay is smaller (closer to that of the cement concrete runway), the
relative temperature-induced shrinkage deformation between the two
becomes smaller. This reduces the tensile effect of the cement concrete
slab on the thermosetting modified asphalt paving overlays, making
crack propagation more difficult. These findings indicate that reducing
the shrinkage coefficient of asphalt overlay can help decrease stress
concentration in the overlay, thereby improving the fatigue perfor-
mance of paving or cover layer, and effectively slowing down the
expansion of reflective cracks.

4.2.6. Influence of the thickness of asphalt overlay
Typically, increasing the thickness of an asphalt overlay can effec-

tively inhibit the propagation of reflective cracks in pavement engi-
neering. However, research on the feasibility of this method for airport
runway overlays is limited. In China, the recommended thickness for
asphalt overlays on airport runways is between 5 cm and 8 cm. There-
fore, this study investigated the cracking behavior for overlay thickness
of 5 cm, 7 cm, and 9 cm, respectively. To ensure complete penetration of
the overlay, the total number of load cycles were set at 250000. The
simulation results are shown in Fig. 18(a)~Fig. 18(c).

It is apparent that increasing the thickness of asphalt overlay can
effectively delay the initial crack propagation and finial penetration
times. When the thickness of the asphalt overlay is increased from 5 cm
to 7 cm, the initial propagation is delayed by 8812 load cycles. This
delay further increases to 24853 load cycles when the thickness reaches
9 cm. Similarly, the total penetration time is delayed 67008 cycles when
the thickness is increased to 7 cm, and complete penetration is not

Fig. 15. Schematic of cracking path for (a) group DIS1, (b) group DIS2, (c) group DIS3, and (d) group DIS4.
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achieved when the thickness is 9 cm. Furthermore, a greater overlay
thickness results in a lower the energy release rate and slower cracking
speed. When the overlay thickness increases from 5 cm to 7 cm, the
energy release rate decreases by 19.1 %; this decrease becomes 52.3 %
when the thickness increases from 7 cm to 9 cm. This indicates that
increasing the thickness of the asphalt overlay effectively prevents the
propagation of reflective cracks.

Regarding cracking speed, the early crack expansion rates of 9 cm
and 7 cm thick overlay are approximately 27.6 % and 51.9 % lower,
respectively, than that of 5 cm thick overlay. The increase in crack
expansion rate for the 5 cm thick overlay is about 51 %, while for the
7 cm thick overlay, it is approximately 49.3 % during the temperature-
load coupled cycling. The maximum crack expansion rate is only 13.1 %
for 9 cm thick overlay, which does not completely penetrate within the
finite number of cycles. In summary, increasing the thickness of the
asphalt overlay is an effective way to prevent the propagation of
reflective cracks, which can be attributed to the significant reduction of
energy release rate and cracking speed.

5. Conclusions

This study focuses on the asphalt overlay of airport runway and in-
vestigates the cracking behavior of the overlay in detail using the XFEM
in detail. An XFEM model was firstly established in ABAQUS to analyze
the critical load position under static aircraft load. Then, the cracking
behavior under temperature-load coupling factors was studied using this
model. To quantitatively analyze the anti-cracking performance of the
asphalt overlay, the optimal analysis method was identified, and the
cracking process was examined in detail. Finally, different factors
influencing the cracking behavior were discussed thoroughly. The
workflow established in this study can be applied to analyze the cracking
characteristics of similar structures. Additionally, the results provide a
reference for engineering practices involving the application of epoxy
asphalt mixture (EAM) in asphalt overlays. The main findings and
conclusions are as follows:

• Horizontal tensile and shear stresses on the airport asphalt overlay,
particularly in the areas above the transverse joints at the edges of
the old cement slabs during the rough landing dynamic loading, are
the primary cause of the reflective cracks. Specifically, the maximum

Fig. 16. Influence of the horizontal location of initial crack on (a) crack length, (b) energy release rate, and (c) cracking speed.
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shear stress S13 observed under the most critical loading condition,
H8Z7H5, was 1.59×106 Pa. This observation is consistent with
cracking behavior observed in various asphalt applications, high-
lighting the need for precise stress management in overlay design.

• The vertical compressive stress concentration at the top of the
asphalt overlay layer is closely related to the aircraft’s loading po-
sition. In contrast, the horizontal tensile stress concentration at the
bottom of the layer and the horizontal shear stress concentration at
the bottom are more influenced by the position of the joints in the old
cement concrete runway. For example, under static load conditions,
the maximum stress intensity factor KII was found to be larger than
KI, indicating shear cracks are more likely to propagate. The stress
intensity factor KII reached up to − 1.33×106 Pa for crack tip
locations.

• The expansion of reflective cracks in the airport runway asphalt
overlay under temperature variation is more effectively and effi-
ciently modelled using Fatigue cyclic analysis. Specifically, the fa-
tigue analysis step only takes less than 10 hours when doing the
whole calculation, whose value is only 1/3 of direct cyclic analysis
step The fatigue analysis results showed that the cracking speed

under full-day temperature variations was 7.93 % faster than under
cooling cyclic conditions. Energy release rates were also 3.9 %
higher under the full-day scenario. The accelerated crack propaga-
tion under full-day temperature cycles demonstrates the universal
importance of considering thermal effects when designing and
maintaining pavements, especially in regions prone to extreme or
fluctuating temperatures.

• Under aircraft loading, the primary model of crack expansion is the
Type II shear crack, with Type I open crack and Type III tearing crack
being less likely. The crack expansion angle results indicate a ten-
dency for cracks to propagate vertically upward at the center of the
model and at an angle near the model’s edge.

• Initial cracks at the bottom of the asphalt overlay are unlikely to
reach the upper surface of the layer when only vertical aircraft load is
considered. Initial cracks of 5 mm do not significantly expand by the
end of the cycle; 10 mm initial cracks extend horizontally but not
significantly vertically; and 15 mm initial cracks extend upward to-
wards the top of the layer but still spread out in all directions.

• Reducing the asphalt shrinkage coefficient significantly improves the
cracking performance of the overlay, effectively slowing the

Fig. 17. Influence of the shrinkage coefficient on (a) crack length, (b) energy release rate, and (c) cracking speed.

R. Yang et al. Construction and Building Materials 451 (2024) 138774 

15 



propagation speed of reflection cracks. Increasing the thickness of
the overlay not only delays the total time for reflective crack
expansion but also reduces the cracking speed and the energy release
rate during the steady crack growth stage. For instance, increasing
the overlay thickness from 5 cm to 7 cm delayed total crack pene-
tration by 67,008 cycles. Similarly, the energy release rate for a 9 cm
overlay was 52.3 % lower than for a 5 cm overlay during steady
crack growth. his is critical for improving the long-term durability of
pavements across diverse environmental and loading conditions.

However, this study only focuses on the temperature variation in a
single day and doesn’t consider seasonal temperature variations, espe-
cially in cold regions where temperatures can drop rapidly over a short
period. Additionally, tilted initial cracks, which are common in engi-
neering practice, were not considered in this study. Moreover, calibra-
tion between the simulation results and in-situ test data is necessary to
improve the model’s reliability. Further research should aim to develop
more accurate temperature fields, consider more practicable working
conditions, and validate the results across various scenarios.
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