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ABSTRACT

Cracking in asphalt pavements remains a significant challenge in road infrastructure worldwide. Epoxy asphalt
concrete (EAC), known for its superior mechanical properties compared to conventional asphalt mixtures, is
commonly used in high-performance applications such as bridge decks and airport runways. Understanding
the fracture behavior of EAC across a range of temperatures is essential for optimizing pavement design and
performance. This study employs a 2D semi-circular bend (SCB) simulation using Abaqus, incorporating ex-
tended finite element modeling (XFEM), to evaluate the fracture response of EAC at four different temperatures:
—15°C, =5 °C, 5 °C and 15 °C. The results show that peak load capacity decreases from 8,625.79 N at —15 °C to
4,099.57 N at 15 °C, while peak displacement increases from 1.07 mm to 2.73 mm, indicating a shift from brittle
to ductile behaviour. These results emphasize the importance of accounting for thermal effects in fracture de-
sign and demonstrate XFEM’s capability to accurately model temperature-sensitive crack propagation in epoxy
asphalt concrete. This property can be useful in design scenarios where flexibility is needed to accommodate

thermal or traffic-induced strain.
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INTRODUCTION

In China, epoxy asphalt concrete is widely
used as a pavement material for steel bridge decks
due to its excellent mechanical and thermal sta-
bility (1). However, fatigue cracking is one of the
most prevalent forms of damage in such pavements
(2). Stress concentrations develop at the crack tips
under repeated loading, which accelerates crack
propagation and may ultimately compromise the
integrity of the entire bridge deck system. Recent
studies have shown that some EAC layers are es-
pecially vulnerable to cracking under cyclic loads,
particularly in cold environments (1).

The tough-brittle transition temperature of
raw materials like steel and asphalt has been
the subject of the majority of research on the
subject, and the tough-brittle transition tem-
perature of epoxy asphalt mixture has not been
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examined (1). Furthermore, based on the re-
search findings, the design theory for epoxy
asphalt mixture cracking resistance is still not
flawless, and the research instruments require
further development. Some study results design
the epoxy asphalt mixture cracking resistance
is not ideal, and the real engineering usage of a
certain difference (3). The epoxy asphalt binder
is a two-phase chemical system, with a ther-
mosetting epoxy in the continuous phase and
a combination of specialty asphalt and epoxy
cross-linker in the discontinuous phase (4). Fuel
resistance, water stability, anti-cracking, and
high temperature stability are all provided by the
thermosetting epoxy binder for EAC (5).

To simulate the fracture behaviour of EAC, this
study employs the extended finite element method
(XFEM) in Abaqus, a proven numerical technique
effective in modelling crack propagation and other
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discontinuities in materials (6). The cracking pro-
cess was modelled through SCB tests at multiple
temperatures, and the load-displacement behav-
iour was analysed to understand the material’s
thermorheological response.

LITERATURE REVIEW

Epoxy asphalt concrete (EAC) is a high-
performance pavement material known for its
excellent fatigue resistance, rutting resistance,
and durability under traffic loads (7). Its unique
composition — combining thermosetting epoxy
resin with conventional asphalt — yields superior
mechanical performance compared to traditional
hot mix asphalt (8). However, the mechanical re-
sponse of EAC is highly temperature-dependent;
at low temperatures it tends to exhibit brittle fail-
ure, while at higher temperatures it behaves in a
more ductile manner (9).

Experimental investigations have provided
insights into this temperature-sensitive behav-
ior, especially through tests such as the semi-
circular bending (SCB) test (10). For instance,
Zhang et al., 2023 reported that the fracture
toughness and fracture energy of epoxy as-
phalt mixtures vary significantly across differ-
ent temperature regimes (1). Nonetheless, such
experiments are often resource-intensive and
time-consuming, limiting their practicality for
parametric or sensitivity studies.

To overcome these limitations, numerical
methods like the extended finite element meth-
od (XFEM) have emerged as powerful tools
for fracture simulation (11). XFEM enables the
modeling of crack initiation and growth with-
out the need for remeshing, making it ideal for
problems involving discontinuities (12). Its ap-
plication in asphalt research has gained traction
in recent years (13). Lou et al., 2023 employed
XFEM to simulate thermally induced cracking
in flexible pavements, demonstrating the meth-
od’s ability to capture complex fracture behavior
under thermal stresss (14).

Despite these advancements, the use of
XFEM for simulating the fracture behavior of
EAC remains underexplored, especially in stud-
ies lacking experimental validation. Existing
XFEM-based studies primarily focus on tradi-
tional hot mix asphalt (HMA) systems or rely
on laboratory data for calibration. Consequent-
ly, there is a critical research gap in applying

SCB-based XFEM modeling to simulate epoxy
asphalt fracture under variable thermal con-
ditions using entirely numerical frameworks.
This study addresses that gap by developing a
temperature-dependent XFEM model to simu-
late crack evolution in epoxy asphalt, offering
a computational approach to assess its fracture
performance across a range of temperatures.

SCBTEST SETUP IN ABAQUS

The SCB simulation was implemented in Ab-
aqus 2023 using a 2D plane strain model with the
XFEM to simulate crack initiation and propaga-
tion. The model setup is based on the AASHTO
TP105 standard with modifications suitable for
numerical simulation.

Geometry and dimensions
and material properties

The SCB specimen is modelled as a semi-cir-
cular disk with the following dimensions:
e Radius (R): 75 mm
e Thickness (t): 50 mm (used as out-of-plane
depth for post-processing energy)
e Initial notch depth (a): 25 mm
e Support span (distance between rollers):
2 s =60 mm

The notch is centrally located at the flat edge
of the semi-circle. A reference point is created at
the top of the specimen to apply the vertical dis-
placement, simulating loading via a loading pin
(Figure 1 and Table 1).

XFEM implementation

The SCB model utilized the built-in XFEM
module in Abaqus 2023 to simulate crack initia-
tion and propagation without predefined paths.
The mesh was constructed using CPS4R (4-node
bilinear plane strain) elements, with two degrees
of freedom per node. Geometric nonlinearity was
enabled. Crack initiation was defined using the
maximum principal stress criterion, while crack
growth followed a damage evolution law based
on fracture energy.

The phase-field level set method (PHILSM),
as shown in Figure 3, was used to track crack
development spatially within the XFEM frame-
work. The model was analyzed under quasi-static
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Loading roller

28

Support roller

Figure 1. Geometry and boundary setup for the SCB model in Abaqus. The semi-circular disk (R =75 mm,
notch depth = 25 mm, thickness = 50 mm) is supported at two points (span = 60 mm),
with load applied vertically at the top centre

Table 1. Parameters of epoxy asphalt material at different temperatures

Temperature (°C) Elastic modulus (MPa) Critical tensile strength (MPa) Fracture energy (N-m™)
-15 3165 7.19 444
-5 1982 6.49 610
5 989 4.66 1536
15 459 2.72 2180

loading, with temperature-specific material prop-
erties assigned for each case. Due to the brittle-
elastic nature of EAC at lower temperatures, only
linear elastic material definitions were used, as
validated in previous fracture simulations. Al-
though temperature-dependent properties were
considered through elastic modulus and fracture
energy variations, thermal expansion or heat
transfer effects were not included, which is noted
as a limitation.

RESULTS AND DISCUSSION

Crack evolution process

Using XFEM in Abaqus, Figure 2 shows the
crack propagation process of the EAC specimen
at 15 °C. The simulation successfully captures
important stages: (a) crack initiation occurs at
the notch tip as the maximum principal stress
criterion is met; (b) crack propagation follows
an unpredictable path, demonstrating the advan-
tage of XFEM in handling discontinuities without
predefining crack trajectories; and (c) complete
fracture occurs as the crack reaches the boundary,
resulting in loss of load-carrying capacity. These
stages demonstrate that XFEM can accurately
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model both the initiation and unstable growth of
cracks in quasi-brittle materials like EAC.

Figure 3 shows the PHILSM contour plots
representing full crack propagation at different
temperatures. The crack path remains relatively
straight at —15 °C and —5 °C due to the brittle
fracture mode, while more curved or diffuse crack
paths appear at 5 °C and 15 °C, indicating ductile
fracture behaviour.

Load displacement behavior

The load—displacement curves for EAC at
-15°C, -5 °C, 5 °C, and 15 °C are shown in Fig-
ure 4, where several significant patterns are noted:
e Peak Load — as the temperature rises, the max-

imum load falls. The specimen can support
a maximum load of 8,625.788 N at -15 °C,
which decreases to about 4099.565 N at 15 °C.
This decrease is explained by the temperature-
dependent decrease in EAC’s tensile strength
and stiffness.

e Peak Displacement — the displacement at
which peak load occurs rises from 1.066 mm
at —15°C to 2.733 mm at 15 °C. This demon-
strates higher deformation before failure as
temperature rises, implying increased ductil-
ity at hotter temperatures.
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Figure 2. Crack evolution stages in the SCB simulation using XFEM in Abaqus of EAC at 15 °C:
(a) crack initiation; (b) crack propagation; (c) full crack propagation and fracture
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Figure 3. Full crack propagation and fracture of EAC at different temperatures (PHILSM Contour)
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Figure 4. Load-Displacements curves of EAC from XFEM-SCB simulations at different temperatures
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Table 2. SCB test summary of epoxy asphalt concrete at various temperatures

Temperature (°C) Peak load (N) Peak displacement (mm) Fracture mode Post-peak ductility
-15 8,625.788 1.066 Brittle Very Low
-5 7468.793 1.351 Brittle Low
5 6208.367 1.984 Semi-ductile Moderate
15 4099.565 2.733 Ductile High
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Figure 5. Shows the trends of peak loads and peak displacements at various temperatures

Table 3. Influence of temperature on key
mechanical indicators

Parameter

Trend with increasing temperature

Peak load

Decreases

Peak displacement

Increases

Fracture energy

Increases

Brittleness

Decreases

Ductility

Increases

S, Mises
(Avg: 75%)

- +1.615e+00
+1,480e+ 00
+1.3466+00
+1.211e+00
+1.07 /et 00
+9.421e-01
+8,075-01

+4.038e-01
+2.692e-01
- +1.346e-01
+2.031e-05

S, Mises
(Avg: 75%)
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Fracture mode and post-peak behaviour

As illustrated in Figure 4, the load—displace-
ment curves demonstrate a clear transition in frac-
ture behaviour with temperature. At lower tem-
peratures (—15 °C and —5 °C), the curves exhibit
a steep and abrupt drop following the peak load,
characteristic of brittle fracture with negligible
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Figure 6. von Mises stress distribution in SCB specimens of epoxy asphalt at various temperatures
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post-peak deformation. The short tail length of
the curve in these cases indicates limited crack
growth resistance and low energy dissipation af-
ter failure initiation.

In contrast, at elevated temperatures (5 °C
and especially 15 °C), the curves show a more
gradual post-peak decline. This is accompanied
by a longer tail, signifying enhanced ductility,
extended crack propagation, and increased frac-
ture energy absorption. The extended tail length
at 15 °C, in particular, suggests the material can
sustain more deformation after crack initiation
before complete failure. The kink observed at
15 °C in the load—displacement curve (Figure 4)
may be attributed to local crack tip blunting and
increased material ductility. The material at this
temperature undergoes stable crack propagation
with energy absorption, resulting in a more com-
plex post-peak behaviour compared to abrupt fail-
ure seen at colder temperatures. These differences
emphasize the strong influence of temperature on
the fracture response of epoxy asphalt concrete.
A summary of the key fracture parameters across
the temperature range is provided in Table 2 and
Figure 5. Table 3 shows how temperatures affect
the key mechanical indicators of EAC.

Figure 6 displays the von Mises stress distri-
bution for each case. At lower temperatures, stress
is highly concentrated near the notch, promoting
abrupt failure. As temperature increases, stress
redistributes more gradually across the specimen,
supporting a more progressive crack propagation
and energy dissipation.

CONCLUSIONS

The XFEM-based SCB simulations con-
ducted in this study demonstrate that epoxy as-
phalt concrete exhibits a strong dependency on
temperature with respect to its fracture behavior,
consistent with observations reported in previous
literature. The results confirm a transition from
brittle fracture at lower temperatures (—15 °C and
—5 °C) to ductile behavior at higher temperatures
(5°C and 15 °C), as evidenced by increasing peak
displacements, rising fracture energy, and soften-
ing post-peak response.

These findings underscore the critical need
to account for service temperature in pavement
fracture design. XFEM effectively captured
temperature-induced transitions in crack behav-
ior and enabled simulation of realistic fracture

processes without predefined paths. This re-
search provides a foundational framework for
thermally sensitive fracture modeling of EAC in
transportation infrastructure.

However, the study is limited by its 2D plane
strain approximation, assumption of elastic be-
havior, and lack of experimental validation. Fu-
ture studies should incorporate 3D modeling,
viscoelastic properties, and physical SCB testing
at varying temperatures to validate and expand
upon these findings.
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