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Abstract

The viscoelastic damage evolution at the microscale particle interfaces of asphalt mortar or mixtures
fundamentally determines the material's fatigue crack growth and failure at the macroscale.
However, existing microscale damage models are often based on empirical assumptions that depend
on inter-particle stresses or forces, which are inaccurate or even incorrect for viscoelastic asphalt
materials. In these materials, interfacial crack growth is governed by the viscoelastic energy release
rate. To address the limitations of current models, a microscale viscoelastic fatigue damage model
was developed using a pseudo J-integral-based Paris’ law and implemented in a discrete element
model of asphalt mortar using the PFC2D program. The viscoelastic constitutive behavior was
represented by a generalized Maxwell model, and the relaxation moduli were determined through a
uniaxial compressive dynamic modulus test. The Paris’ law coefficients were calibrated by
comparing model predictions with experimental results from indirect tensile fatigue tests of the
material. The results show that the simulated fatigue life and crack area closely match laboratory
test data, with an error margin within 15%. During the simulation of microscopic IDT fatigue
damage, cracks hinder the horizontal transfer of forces within the cracked region, leading to stress
concentrations in surrounding particles and a marked increase in their relative displacement. The
connection of upper and lower cracks significantly reduces the specimen’s load-bearing capacity.
The variation in the number of contact breaks with fatigue load cycles is unaffected by the type of
asphalt but is influenced by the applied stress level. These findings demonstrate that the pseudo J-
integral-based Paris’ law, when applied at particle interfaces, can effectively model crack growth at
the microscale and accurately predict the fatigue damage performance of viscoelastic asphalt
materials at the macroscale.

Keywords: Asphalt materials; Particle interfaces; Discrete element method (DEM); Fatigue crack;
Indirect tensile test



1. Introduction

Fatigue cracking in asphalt pavement, caused by long-term vehicle loading cycles, significantly
reduces the service life of pavement structures. Current fatigue testing of asphalt materials
predominantly relies on laboratory experiments, including direct tensile tests, indirect tensile tests,
three-point bending beam tests, and semi-circular bending tests. However, these macroscopic
approaches have limitations; they assess the fatigue properties only at the macroscale and cannot
effectively capture the complete process of damage and cracking at the microscale. To overcome
these limitations, numerical simulation methods such as the finite element method (FEM) and the
discrete element method (DEM) are used to study the micromechanical response of asphalt materials
to fatigue damage. DEM enables cyclic tracking of the interfacial failure process between particles
under fatigue loading at the mesoscopic scale, thereby providing a more realistic representation of
fatigue damage accumulation. Furthermore, DEM demonstrates superior capability in addressing
heterogeneous stress distributions within specimens subjected to localized loading conditions.
Through explicit modeling of particle arrangement and the evolution of contact force chains, DEM
offers direct visualization of material anisotropy. In contrast, FEM rooted in continuum mechanics
assumptions, exhibits inherent limitations in capturing discontinuous behaviors such as particle
detachment and microcrack propagation. Moreover, FEM 1is predominantly employed for
macroscopic response prediction, where homogenized material properties are generally adopted.
Since asphalt mixtures transition to a discontinuous state when damaged, DEM is advantageous for
observing internal processes and microscale cracking.

The discrete element method (DEM), originally introduced by Cundall for rock mechanics
analysis[1], has been extensively applied in pavement engineering since 1997. Chang et al.[2]
enhanced the TRUBAL program by developing a hot mix asphalt model, which was validated
through monotonic and cyclic testing. Subsequently, Collop et al.[3] created a DEM for asphalt
mixtures to examine the effect of stress ratio on shear strain expansion rates using uniaxial and
triaxial tests. Hyunwook Kim et al.[4] employed a cohesive zone model to simulate crack
propagation in double cantilever beams, comparing initial stiffness and peak load between
experimental and simulation results, yielding consistent findings. You et al.[5] developed a DEM-
based simulation method for uniaxial compression tests of asphalt mixtures, establishing conversion
relationships between macroscopic and microscopic parameters to model dynamic modulus and
phase angle. Mahmoud et al.[6] utilized DEM to investigate the effects of aggregate gradation, shape
characteristics, and strength on asphalt mixture cracking, recommending stronger aggregates due to
higher stress levels observed in PFC mixtures. Liu et al.[7] studied the impact of discrete element
size on creep stiffness, suggesting larger elements for simple tests to reduce simulation time, while
smaller elements provide more accurate results for complex tests, such as permanent deformation
and cracking. Ma et al.[8] simulated wheel tracking tests to predict rutting deformation in asphalt
mixtures, offering a microscopic explanation of rut formation mechanisms. Chen et al.[9] explored
the effects of compaction methods and frequencies on porosity distribution in asphalt mixtures,
finding that gyratory compacted specimens exhibited more uniform air void distribution compared
to vibratory compacted specimens. Gong et al.[10] investigated the influence of various
combinations of coarse aggregate types on movement characteristics during rotary compaction of
asphalt mixtures. Qian et al.[11] analyzed changes in aggregate positioning during compaction,
noting that while compaction further reduces porosity, it has a limited effect on the distribution of

large aggregates. Moreover, numerous scholars have employed DEM to simulate a range of tests on



asphalt mixtures, including uniaxial compression test[12-14], creep test[15-17], indirect tensile
test[18-20], and shear strength test[21-23].

Recently, the DEM has been increasingly utilized by researchers to study the fatigue damage
in pavement materials. Zhao et al.[24] employed a linear parallel bond model to develop a cement-
stabilized gravel model and conducted semi-circular bending fatigue tests. During the loading
process, the bonding radius in the linear parallel bond model was reduced using a radius multiplier,
which increased both the normal and shear stresses between contact particles, improving the
accuracy of fatigue damage simulation. Nguyen et al.[25], [26] introduced a novel fatigue bonding
contact model for bonded materials, incorporating fatigue damage variables and evolution rules into
a cohesive damage-plasticity framework, allowing for the accurate simulation of material responses
under fatigue. Several studies have investigated fatigue in asphalt mixtures with viscoelastic
properties. Li et al.[27] utilized PFC software to simulate the indirect tensile fatigue test of asphalt
mixtures, analyzing fatigue crack propagation and internal force distribution at different stages, and
comparing these results with laboratory experiments. Peng et al.[28], [29] developed a virtual
asphalt mixture model using the Burgers model to investigate permanent deformation, shear stress,
and transverse strain under traffic loads. By introducing a damage factor, they updated the elastic
modulus E and viscosity n to reflect the material's evolving behavior. Ma et al.[30] established a
virtual fatigue test of asphalt mixtures to assess the influence of porosity content, distribution, size,
and orientation on fatigue life. Yang et al.[31] examined the distribution characteristics of contact
force chains and micromechanical responses under fatigue loading through an asphalt mixture
model and indirect tensile fatigue tests. Gao et al.[32] simulated the effects of stress distribution on
specimen damage in Arcan Type I cracking tests by defining a critical stress threshold and applying
a radius reduction method to model fatigue damage. Feng et al.[33] explored the failure mechanisms
of asphalt mixtures during four-point bending tests by analyzing microscopic force chains.

The current fatigue damage models in the DEM for particle interfaces at the microscale are
primarily designed for elastic cracking and are inadequate for predicting fatigue cracking in
viscoelastic materials such as bitumen, mastic, and asphalt mixtures. In the case of asphalt mixtures,
the fatigue damage formulas used by researchers have notable limitations. For instance, Ma et al.[30]
and Peng et al.[28], [29] proposed fatigue damage functions derived from discrete element
numerical simulations, as shown in Eq. (1-2). However, these damage evolution models are
essentially empirical fits to time and force or stress data, lacking a solid mechanistic foundation or
physical significance. The damage, represented by a reduction in the radius between particles, is
based on phenomenological equations. Furthermore, the time variable in the equation refers to the
simulation time, not the actual damage evolution time, which misrepresents the real damage
progression and leads to inaccurate predictions of cracking at the microscale. Therefore, the
empirical nature of the fatigue damage evolution model used in existing DEM modeling makes it
unsuitable for varying loading modes and histories. Additionally, the Burgers viscoelastic model
embedded in the PFC software lacks bonding functionality, preventing the simulation of viscoelastic
tensile behavior.

D, =D, —j—m(uéjn L (1)
0

Where, D, is the original bonding diameter between the adjacent particles, D,

is the bonding
diameter at loading time ¢ under a fatigue loading, ¢, is the tensile force at loading time ¢, ¢, is
the contacting tensile force at contacts, m, k, n and f are fatigue damage model parameters.
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Where, D(t ) is the material damage factor, o, is the stress in the uniaxial stress state, A,om,n

are the material parameters relating to temperature.
For viscoelastic particulate materials such as asphalt mixtures, the rate of crack propagation is

fundamentally determined by the cracking energy release rate, rather than by force or stress.
Consequently, it is inappropriate to predict crack propagation speed using the ratio of force or stress
to material strength, as is often done in the literature. Moreover, these empirical models fail to
adequately account for how material parameters are determined, and the physical significance of
these parameters remains unclear, resulting in non-unique fitting solutions. In this paper, the Burgers
model is improved by integrating contact persistence and activation modules using the 'fish'
programming language, addressing the issue of the model's lack of bonding functionality. Thus, the
objective of this study is to develop a methodology that accurately represents the fatigue damage at
particle interfaces (ball-ball) in DEM microscale simulations, enabling the modeling of fatigue
damage in asphalt mixtures under dynamic cyclic loading. A J-integral-based Paris' law is applied
to characterize viscoelastic fatigue damage in asphalt materials. The model parameters A and n are
intrinsic material properties associated solely with the material's cracking resistance, and are

independent of loading frequency or magnitude.

2. Discrete element modeling

2.1 Discrete element models for asphalt mortar

In PFC 5.0, two primary particle types, the ball and the clump, were employed to construct
microscale models. A clump is composed of multiple pebbles that experience no relative
deformation, and it is typically used to represent aggregate, while a ball is used to simulate asphalt.
However, for computational efficiency in this study, aggregates smaller than 2.36 cm were
considered part of the asphalt mortar, and a ball was used to model the mortar. In PFC2D, particles
can be arranged uniformly in either cubic or hexagonal patterns, as shown in Fig. 1. Asphalt mortar
was treated as a continuum, and thus a hexagonal uniform distribution was used to design the asphalt
mortar specimens. This approach allowed for the generation of indirect tensile (IDT) asphalt mortar

specimens through circular cutting, as illustrated in Fig. 2.

(a) Cubic shape (b) Hexagonal shape

Fig. 1. Arrangement of particles in discrete element models
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Fig. 2. The cutting way of asphalt mortar specimens

2.2 Improved Burgers model for viscoelastic contacts between particles

In the embedded contact model of PFC 5.0, the Burgers model is used to simulate the viscoelastic
properties of asphalt mortar. However, the current Burgers model lacks a bonding function, limiting
its applicability to compression-only scenarios between contact particles. Under tension, the contact
bond breaks immediately, which fails to accurately capture the microscale damage behavior. To
address this limitation, this paper proposes an enhancement to the embedded Burgers model by
integrating a bonding function.

The Burgers model is composed of the Kelvin model and the Maxwell model in series in the
normal and tangential directions. In the Maxwell model, there exists a series form of elastic modulus
E, and viscosity 77, . In the Kelvin model, there exists a parallel form of elastic modulus E, and
viscosity 77, . In the microscopic domain, the Burgers model exists in both the normal and
tangential directions, as illustrated in Fig 3. Among them, £, is the Maxwell model normal

stiffness, ¢,, is the Maxwell model normal viscosity, k,, is the Kelvin model normal stiffness,

mn

is the Kelvin model normal viscosity, &

ms

S

n

is the Maxwell model shear stiffness, and ¢, is
the Maxwell model shear viscosity. k, is the Kelvin model shear stiffness, ¢, is the Kelvin

model shear viscosity. The conversion of Burgers model macro-parameters to micro-parameters is
shown in Eq. (3-10).
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Fig. 3. Rheological components of Burgers model at DEM particle interfaces
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Where, ¢ is thickness, v is Poisson's ratio.

The Burgers model was improved by implementing a bonding function. As illustrated in Fig 4,
'fish' scripting language was used to define the contact generation and breaking mechanisms. Firstly,
the Burgers model contact key is set to be forcibly activated, and contact deletion is set to be disabled.
This ensures that the Burgers model remains in contact under tensile stress, allowing it to exhibit
viscoelastic properties. Additionally, the program includes a function to monitor contact forces
within the Burgers model. The program calculates both the shear and normal tensile forces between
contacts and compares them to their respective maximum values using a judgment function. If the
contact shear force exceeds the maximum shear force or if the contact normal tension surpasses the
maximum normal tension, the force persistence and activation functions are disabled, and the
contact will be failure. This methodology enables the simulation and accurate characterization of
the microscopic viscoelastic properties of asphalt materials.
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Fig. 4. Logical flow chart of improved Burgers model
2.3 J-integral based Paris’ Law for fatigue damage evolution at the microscale
Fig. 5 illustrates the contact bond and crack form between ball-ball, assuming that the damage ¢ is
the ratio of the crack length a to the contact diameter d in the contact bond, as shown in Eq. (11).
Contact form
/\ / \ d
-«

Particles Pl

Fig. 5. Contact form and crack patterns between ball-ball
a
=— 11
4 p (11

Where, a is crack length in the contact bond, d is contact diameter.
Therefore, in this paper, AJ integral is used to establish Paris's law for characterizing the
viscoelastic fatigue damage process. As shown in Eq. (12).
ds _ ALY
dN d
Where, 4 and n are material parameters. AJ is determined by Eq. (13)[34].

(12)
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R R
Where, E, is representative elastic modulus, v is the Poisson’s ratio, K, is the Mode I

Kii (13)

(opening) stress intensity factor; K, is the Mode II (in-plane shear) stress intensity factor; and
K, 1is the Mode III (out of plane shear) stress intensity factor.
E, is determined by Eq. (14)[34].

ER=l |E¥, 1 +E =l (14)
2 = 2

Where, |E *| is dynamic modulus, E (t) relaxation modulus, f is load frequency, 7, is load

pulse time.
For indirect tensile fatigue test of asphalt mortar, Type I and Type II cracking are generally
considered. For Type I cracking (tension cracking), the stress intensity factor AK =K, . For Type II

cracking (slip cracking), AK = K, [35]. The expression is shown in Eq. (15-17).

AK = (K, )+ (K, ) (15)
AK; = Y,za(op™ - o™ ) (16)
AK) = YH\/E(O'Inax _OfTin) (17)

Where, o, isthe maximum value of normal stress, o, is the minimum value of normal stress,

max . : min . ..
o is the maximum value of shear stress, o, is the minimum value of shear stress.

N
When studying the single cracking problem of rectangular plates with contact shapes similar
to those in DEM, Tada et al.[36] derived the formula for calculating the shape coefficients of type I
cracking and type II cracking of rectangular plates, as shown in Eq. (18).

2 4
1-0.025 (“j +0.06(aj
d d

Y, =Y, =Y= (18)
wa
COS| —
3)

By substituting Eq. (11) into Eq. (16-18), the following result is obtained:

AK, =Y ndg(a}j“”‘—a,‘j‘i“) (19)
K, = Y\[zdé (o7 — ™) (20)

- 1-0.025(¢)” +0.06(¢)*
COS[ﬂf)
2

Accordingly, the damage increment can be calculated using the damage rate and the contact
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diameter update time, as illustrated in Eq. (22). The real-time contact stress can be derived from Eq.

(23), and the contact area can be determined from Eq. (24).

AN)

A& = At (22)
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A=dy 24)
Where, A& is damage increment, A is contact diameter update time, F is contact force between
ball-ball, 4 is contact area between ball-ball, d, is initial value of contact diameter, 7 is contact
thickness. In the PFC 2D, 7 =1.

Furthermore, a damage criterion can be formulated based on the contact diameter and damage
increment, thereby enabling the derivation of the improved Burgers model contact diameter
expression, as illustrated in Eq. (25).

d
A ZJ ! o0
d=4d,- (d ) At o, <o0<o, (25)
0 o.<o

Where, o isreal-time contact stress, o

a

is damage initial stress, o, is contact break stress.
2.4 Implementation of fatigue damage models in DEM

First, a discrete element model of asphalt mortar was developed and brought to equilibrium. Upper
and lower loading plates were then introduced to apply cyclic fatigue loads. The model was analyzed
to compute the contact stress, which was determined by the relationship between contact force and
contact diameter. The relationships among contact stress, damage initiation stress, and contact break
stress were subsequently evaluated. Contacts that met the reduction criteria underwent contact

diameter reduction. The procedure for damage reduction is outlined as follows:

(1) When o <o, , the reduction condition is not satisfied and contact diameter not be changed.

(2) When o, <o <o,, the reduction condition is satisfied. Firstly, the initial damage is defined as
a small value 0.01%. thus AJ can be calculated according to Eq. (13). And reduction rate can
be calculated according to Eq. (12). Then damage increment can be calculated by Eq. (22), and
the updated contact diameter can be calculated by Eq. (25). At this time, the new contact stress
can be calculated according to Eq. (23) and the judgment step of the next cycle can be entered.
In the cycle process, if the reduction conditions are satisfied, the damage value of the last step
is taken as the initial damage value of the current step, and the actual damage value of the
current step is the sum of the initial damage value of the current step and the damage increment
of the last step, as shown in Eq. (26).

& =S tAL, (26)

Where, & is the damage value of current step, & _, is the damage value of last step, A& |
is the damage increment of last step. Particularly, for the first cycle, the initial damage &, is
defined as 0.01%, the initial damage increment A¢, is 0.

(3) When o, <o, the reduction condition is not satisfied. The contact breaks and no longer

participates in the reduction cycle calculation.

The flow chart of damage program is shown in Fig. 6.
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3 Materials and Methods
3.1 Materials and experiment
Asphalt mortar specimens were prepared using #70 virgin asphalt binder and SBS-modified asphalt

along with enhanced computational efficiency.

[ Last step damage &, ; } Initial assignment &,

Table 1. Parameters of #70 virgin and SBS modified asphalt binders

Fig. 6. Flow chart of fatigue damage evolution at particle interfaces in discrete element modeling

binder, with their material properties listed in Table 1. The fine aggregates and fillers were made of
limestone, with a maximum particle size of 4.75 mm. Table 2 presents the grading curve of the
asphalt mortar. In this study, asphalt mortar, rather than asphalt mixture, was used to validate the

discrete element viscoelastic fatigue damage model, as it provides more stable and consistent results

Type of asphalt
Test Item #70 virgin asphalt SBS modified asphalt
binder binder
Penetration (25°C, 100g, 5s, 0.1mm) 70 57
Softening Point (°C) 47 66.8
Ductility (cm) 50.5 (10°C) 39.5 (5°C)
Table 2. Gradation of asphalt mortar
Sieving size/mm 4.75 2.36 1.18 0.6 0.3 0.15 0.075




Passing ratio/% 100 72 42 32 24 14 8

In this study, the uniaxial compressive dynamic modulus test was employed to determine the
parameters of the Burgers model for asphalt mortar. Asphalt mortars were prepared using two
different types of asphalt binders, and then cored and cut into specimens with a diameter of 100 mm
and a height of 150 mm. The tests were conducted following the Dynamic Modulus Finger Print
Test procedure in AASHTO TP 107[37]. The testing temperatures were set at 0°C, 10°C, 20°C, and
30°C, with testing frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz, and 25 Hz.

3.2 Viscoelastic properties of asphalt mortar

The Williams-Landel-ferry(WLF) equation is used to determine the time-temperature conversion
coefficient[38], as shown in Eq. (27-28). The Sigmoidal model was selected to fit the master curve
of the dynamic modulus[39], [40], as shown in Eq. (29).

-C,(T-1,)
1 —_ 1\ 7o) 27
8 C,+T-T, 27
fo=ra (28)
* a
log(|E |) =0+ 14 o7 ) (29)

Where, «, is the time-temperature shift factor, C, and C, are fitting parameters, 7 is test
temperature, 7; is reference temperature, f, is reduced frequency, & is the minimum
logarithm of the dynamic modulus, « is the span of the logarithm of the dynamic modulus, 77
and » are shape parameters.

The reference temperature set in this study is 10°C, and the dynamic modulus of asphalt
mortars prepared by two kinds of asphalt binders are shown in Fig. 7.
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(a) #70 virgin asphalt mortar
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Fig. 7. Dynamic modulus master curve of asphalt mortar at 278.15K (10°C)
Generalized Maxwell model was used to characterize the viscoelastic properties of
macroscopic asphalt mortar, and Prony series model was used to describe the relaxation modulus,
as shown in Eq. (30).

E(1)=E, +iEm exp(—LJ (30)

i-1 T

m

Where, E, is long-term equilibrium modulus, E, is the components of the relaxation modulus,

m

z, is the components of relaxation time, M is the total number of the Maxwell elements.

m

According to Zhang et al.[41], the relaxation modulus components can be determined by Eq.
(31-32). The dynamic modulus can be determined according to Eq. (33).

E m-—_m 31

E ()= +Zl+w (31)
M oot E

m m 32

,21:1+a)z' (32)

o)|- \/[E' (@)] +[E ()] (33)

Where, g (@) is the storage modulus, £’ (@) is the loss modulus, ® 1is the angular frequency.

After constructing the master curve at the reference temperature, initial values for the long-
term equilibrium modulus and relaxation modulus components were assigned. The storage modulus
and loss modulus at different frequencies under the reference temperature were calculated, along
with the dynamic modulus results derived from the generalized Maxwell model. The dynamic
modulus results from the master curve were then compared with those from the generalized
Maxwell model to establish an error metric. By minimizing this error through optimization, the



values of the long-term equilibrium modulus and relaxation modulus components were determined.
This process yielded the mathematical expression of the relaxation modulus for the generalized
Maxwell model at the reference temperature. Table 3 shows the relaxation modulus parameters of
#70 virgin asphalt mortar and SBS modified asphalt mortar.

Table 3. Relaxation modulus parameters of Prony series model for asphalt mortar

Long-term modulus E, (MPa) Components of relaxation time z,, (s)

Type of asphalt #70 SBS

E, 52.0 48.2

E, 501.2 501.0 T 0.00001

E, 852.5 835.4 7, 0.0001

E, 8021.9 5041.5 T3 0.001

E, 6681.1 6347.0 z, 0.01

E; 4463 .4 4545.6 (2 0.1

Eg 2127.3 1845.2 Ts 1

E, 895.5 1085.8 (2 10

E; 296.1 314.9 Ty 100

E, 263.1 199.1 7, 1000

E, 4.73 4.69 Ty 10000

E, 2.95 2.94 7, 100000

3.3 Determining Burgers model parameters from dynamic modulus tests

However, the generalized Maxwell viscoelastic model is not integrated into the PFC software.
Therefore, in this study, the macroscopic parameters of the Burgers model were obtained by fitting
its relaxation modulus to that of the generalized Maxwell model. The expression for the relaxation
modulus of the Burgers model is provided in Eq. (34). Upon obtaining the mathematical expressions
for the relaxation modulus of the generalized Maxwell model for different types of asphalt mortar
at the reference temperature, the fundamental parameters in the Burgers model’s relaxation modulus
expression were assumed. An R-squared error fitting analysis was performed between the relaxation
moduli of the two models, as shown in Eq. (35). By optimizing the parameters to achieve R-squared
values approaching 1, the essential parameters of the Burgers model’s relaxation modulus
expression were determined, and the macroscopic parameters of the Burgers model were

subsequently calculated.
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Where, 7, is the viscosity of Maxwell model, 7, is the viscosity of Kelvin model, E, is the

i=1

elastic modulus of Maxwell model, E, is the elastic modulus of Kelvin model, );,. is the
predicted value, y, is the true value, ; is the mean value.

By fitting the generalized Maxwell relaxation modulus and the Burgers relaxation modulus
with R’ error, the macroscopic Burgers model parameters of the two asphalt mortars can be
obtained, as shown in Table 4. Assuming a Poisson's ratio of 0.4 for the asphalt mortar, the
microscopic Burgers model parameters can be derived by substituting the macroscopic parameters
into Eq. (3-10), as shown in Table 5.

Table 4. Burgers model parameters of asphalt mortar at the macroscale

Type of asphalt mortar E,/Pa n,/Pa-s E,/Pa n,/Pa-s
#70 virgin asphalt mortar 5.66¢9 5.94¢10 1.80e9 4.34¢9
SBS modified asphalt mortar 4.60e9 5.99¢10 1.97¢9 5.02¢9

Table 5. Burgers model parameters of asphalt mortar at the microscale interfaces

Type of k,, Cpn k,, L, k,, Cps ky ¢

asphalt  Pa-m  Pa-m-s Pa-m  Pa-m-s Pa-m  Pa-m-s Pa-m  Pa-m-s
#70 1.13e10  1.19el11  3.60e9 8.68¢9  4.04e9 4.24e10  1.29¢9 3.10e9
SBS 9.20e9 1.20ell  3.94e9 lel0 3.29¢9 4.28el0 1.41e9 3.59¢9

3.4 Determining fatigue model parameters using indirect tensile fatigue tests

In the laboratory, indirect tensile fatigue tests were conducted on #70 asphalt mortar and SBS asphalt
mortar at three stress levels (550kPa, 650kPa, and 750kPa) with a loading frequency of 10 Hz.
Simultaneously, a virtual indirect tensile fatigue test model for asphalt mortar was developed in PFC.

The loading head was set to stress-control mode to maintain consistent loading and stress levels,



replicating the parameters of the laboratory tests. The fatigue life of the asphalt mortar in the indirect
tensile test was defined as the number of loading cycles required to achieve a 50% reduction in
modulus. In the virtual test, the stress level was initially set to 650kPa for the #70 asphalt mortar,
enabling the calibration of parameters A, n, and initial cracking stress o, based on the fatigue life
observed at the 650kPa stress level in the experimental test. The calibration method for SBS asphalt
mortar followed the same procedure as for #70 asphalt mortar. Table 6 presents the calibration
results for both asphalt mortars, where the contact break stress o, is defined as the splitting

strength from the indirect tensile strength test.

Table 6. Calibrated damage parameters of different asphalt mortar types

Type of asphalt mortar A n o,/Pa o, /Pa
#70 virgin asphalt mortar 3.51e-7 0.51 4e4 1.933¢6
SBS modified asphalt mortar 5.96e-7 0.69 4e4 1.857¢6

4 Results and discussion
4.1 Validating improved Burgers model predictions using indirect tensile dynamic
modulus tests

To validate the accuracy of the microscopic parameters of the improved Burgers model, an indirect
tensile dynamic modulus test was conducted. Two types of asphalt mortar specimens were prepared
in the laboratory and cut into samples with a diameter of 100 mm and a thickness of 40 mm. The
IDT dynamic modulus test was carried out using a DTS machine under controlled conditions: a
temperature of 10°C and frequencies of 1 Hz, 3 Hz, 5 Hz, and 10 Hz. This produced the actual IDT
dynamic modulus values. In parallel, a virtual IDT dynamic modulus test was simulated in PFC,
using the microscopic parameters from Table 5 and applying the same loading frequencies of 1 Hz,
3 Hz, 5 Hz, and 10 Hz. As shown in Eq. (36), the error between the experimented dynamic modulus
and the simulated dynamic modulus is calculated. Table 7 presents the actual and simulated IDT
dynamic modulus values for both types of asphalt mortars, as well as the associated errors. The
findings confirm that the microscopic parameters of the improved Burgers model are accurate and

reliable, making them suitable for use in studying IDT fatigue damage via discrete element methods.

Experiment

E}"VOV — | EExperimem‘ - ESimulation | (3 6)

Where, E,

xperiment

is experimented dynamic modulus, E is simulated dynamic modulus.

Simulation

Table 7. Validation of IDT dynamic modulus between experiment and simulation

Type of asphalt  Frequency (Hz) Experiment (MPa)  Simulation (MPa) Error (%)

1 6439 5691 11.62
3 10161 9227 9.19
#70
5 12982 11759 9.42
10 15671 14553 7.13
1 5451 5782 6.07
7703 8339 8.26
SBS
8592 9065 5.51

10 11609 11845 2.03




4.2 Validating DEM fatigue evolution model predictions using indirect tensile
fatigue tests
In the virtual indirect tensile fatigue test, stress levels were set at 550kPa and 750kPa. The calibrated
model parameters from the 650kPa stress level were applied to predict the virtual fatigue life results
at the 550kPa and 750kPa stress levels. Fig. 8 compares the experimental and simulated fatigue life
of the two asphalt mortars under different stress levels. As shown in Fig. 8, the simulated fatigue
life of the #70 asphalt mortar and the SBS asphalt mortar closely matches the laboratory results,
indicating that the fatigue damage parameters A, n, and the initial cracking stress o, are accurately

estimated.
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Experiment (SBS asphalt)
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10000

Fatigue life (cycles)

4000 -
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Stress level

Fig. 8. The fatigue lives of experiment and simulation at different asphalt types and stress levels

Fig. 9 illustrates the simulated and experimental crack growth in #70 asphalt mortar and SBS
asphalt mortar subjected to varying fatigue cycles at a stress level of 650kPa. In the simulation, red
lines represent instances where contact was broken due to fatigue damage under cyclic loading. A
cluster of adjacent red lines indicates the cracking area in the asphalt mortar under simulated indirect
tensile fatigue loading. To observe crack formation and propagation more clearly, a layer of gypsum
was applied to the surface of the asphalt mortar in the laboratory tests. After 3800 cycles for the #70
asphalt mortar and 7800 cycles for the SBS asphalt mortar, minor cracks appeared in both the upper
and lower sections. As the number of load cycles increased, the number, length, and width of cracks
in both mortars also increased. Additionally, a comparison of the two mortars shows that SBS
asphalt mortar withstood a greater number of cycles before reaching the same level of cracking as
the #70 asphalt mortar. This is due to the strong adsorption effect of the SBS polymer on the oil
content in the asphalt, combined with its swelling, expansion, and molecular chain extension.
Ultimately, the SBS polymer forms a continuous network structure, with asphalt particles distributed
within it[42], [43]. As cracks form and propagate, the polymer network inhibits their spread to some
extent, significantly enhancing the fatigue resistance of SBS asphalt mortar compared to #70 asphalt
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Fig. 9. Crack growth of simulation and experiment at different asphalt types: (a) #70 asphalt
mortar; (b) SBS asphalt mortar.

Fig. 10 illustrates the definition and methodology for quantifying the surface crack area of
asphalt mortar. During fatigue loading, numerous minor cracks form on the asphalt mortar surface.



This study introduces a definition for the surface crack area: if the distance between two adjacent
cracks is less than 5 mm, the region between them is considered part of the crack area. If there are
no nearby cracks, the crack area is defined as the region of the crack itself. In Fig. 10, the crack area
is highlighted in red according to this definition. The methodology involves identifying each crack
in the image, defining the crack area through image processing techniques, and calculating the
equivalent surface crack area based on a ratio measurement. The definition and methodology for
quantifying the surface crack area was applied to processing the images from experiments and

simulations to generate the crack areas.
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Fig. 10. Surface crack area definition and measurement of asphalt mortar

The length of each red line in the simulation section of Fig. 9 can be derived from the DEM as
aratio measurement. The simulated crack area is then calculated using image processing techniques.
The methodology shown in Fig. 10 is applied to compute the equivalent surface crack area of two
distinct asphalt mortars subjected to varying indirect tensile fatigue load cycles. The crack area
obtained from DEM simulation under the same conditions is compared with the experimental data.
The resulting calculation error is illustrated in Fig. 11. It can be observed that the discrepancy
between the simulated and experimental crack areas, across different asphalt types and loading
cycles, is less than 15%. This demonstrates that discrete element indirect tensile fatigue test

simulation can effectively reflect the actual crack growth.
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Fig. 11. Crack area and error of simulation and experiment at different asphalt types and indirect
tensile fatigue load cycles

4.3 Crack growth in indirect tensile fatigue tests at the microscale

Fig. 12 demonstrates the crack growth in various asphalt types under different stress levels and
loading cycles. For this analysis, #70 asphalt mortar under a stress level of 650kPa was selected as
a case study. After 3400 cycles, the contact between the upper and lower parts of the asphalt mortar
was severed. Near the loading head, lateral contact failure occurred due to localized stress
concentrations during force transmission. By 3800 cycles, cracks in the upper and lower regions
began to gradually extend toward both the loading head and intermediate areas. Crack propagation
toward the sides of the loading head was relatively slow, while it occurred more rapidly toward the
middle region. At 4200 cycles, the upper and lower cracks converged in the middle region, and the
original crack area began expanding laterally. By 5200 cycles, the lateral crack expansion continued.
By 6000 cycles, the cracks had propagated toward the loading head area on both sides, forming a
full-depth crack from top to bottom. The middle portion of this penetrating crack appeared wider,
tapering gradually toward both ends. Additionally, localized widening of the crack was observed
due to changes in stress distribution near the loading head. Importantly, no fatigue cracks were
detected in the triangular region near the loading head, which aligns with the findings from

experimental tests.
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Fig. 12. The microscopic crack growth of different asphalt types and indirect tensile fatigue load
cycles.

Moreover, an increase in stress level correlates with an accelerated rate of crack growth in the
same asphalt mortar. This occurs because higher stress levels intensify the internal contact forces
within the asphalt mortar, thereby expediting damage accumulation. This accelerated accumulation
of damage ultimately results in a faster contact failure, as evidenced by the increased crack growth
rate. Furthermore, when the stress level remains constant, the crack growth rate in SBS asphalt
mortar is slower compared to that in #70 asphalt mortar. This disparity is attributed to differences
in parameters A, n, and the representative modulus between the two asphalt materials. These
variations lead to different rates of damage progression, causing the observed differences in crack

growth rates. As a result, SBS asphalt mortar exhibits superior fatigue resistance.



4.4 Microstructural behavior analysis of fatigue crack growth in viscoelastic
asphalt materials

Fig. 13 illustrates the directional changes in particle displacement within #70 asphalt mortar under
varying cycles at a stress level of 650kPa. The red line indicates the contacts between particles that
have been severed, with the area enclosed by the red line representing the cracked region. After
1000 cycles, particles along the vertical midline of the asphalt mortar exhibited upward
displacement, aligning with the direction of force transmission. On both sides of the vertical midline,
the displacement direction of particles gradually deviated toward the horizontal as the distance
increased. By 3400 and 3800 cycles, partial cracking occurred in the upper and lower regions of the
asphalt mortar. At this stage, compared to the assessment at 1000 cycles, the particle displacement
on both sides had become more horizontal. This observation suggests that as the fatigue cycle load
increases, horizontal displacement becomes more pronounced than vertical displacement.
Additionally, as the number of fatigue cycles increases, the displacement direction of particles on
both sides of the upper and lower cracks becomes increasingly skewed. This phenomenon occurs
because crack formation hinders the horizontal transfer of force in the original region, resulting in
greater horizontal forces exerted on particles adjacent to the cracks, thereby altering their
displacement direction. In contrast, the displacement direction of particles in the central region
remains similar to that observed during the initial loading period, as no cracks have yet formed. By
4200, 5200, and 6000 cycles, the upper and lower cracks had connected, and the particle
displacement direction significantly changed on both sides of the fracture region. Similarly, as the
number of fatigue cycles and the crack area increased, particle displacement on both sides became
increasingly horizontal.
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Fig. 13. Particle displacement direction of #70 asphalt mortar and 650kPa stress level at different
indirect tensile fatigue load cycles

Fig. 14 illustrates the magnitude of horizontal particle displacement under varying fatigue cycle
loads. Blue indicates leftward displacement, while red represents rightward displacement, with
darker shades corresponding to greater magnitudes of displacement. After 1000 cycles,
displacements are observed on both the left and right sides of the vertical midline, exhibiting
leftward and rightward movements in their respective directions. As the distance from the vertical
midline increases, the displacements become more pronounced. The green area in the center of the
graph indicates relatively minor horizontal displacement, with its horizontal extent largely
consistent with the contact range of the loading head, reflecting the force transmission process. By
3400 cycles, cracks have formed in the upper and lower portions of the asphalt mortar, resulting in
more pronounced displacements on both sides of the cracks, while the central region exhibits
relatively minor changes. This is due to localized stress concentrations induced by the cracks, which
intensify the horizontal forces exerted on particles adjacent to the cracks. At 3800 cycles, the cracks
in the upper and lower portions of the asphalt mortar expanded further, accompanied by more
pronounced horizontal displacement on both sides. By 4200 cycles, the upper and lower cracks
coalesced, forming a long, narrow zone of relatively minor displacement, with discernible changes
in horizontal displacement on either side. At 5200 and 6000 cycles, the region of relatively minor
intermediate displacement gradually expanded as the fracture width and length increased.

(c) 3800 cycles




(d) 4200 cycles (e) 5200 cycles (1) 6000 cycles
Fig. 14. Particle horizontal displacement magnitude of #70 asphalt mortar and 650kPa stress level
at different indirect tensile fatigue load cycles

Fig. 15 illustrates the force chain in #70 asphalt mortar under varying durations of cyclic
loading at a stress level of 650kPa. Blue represents compressive forces, while green indicates tensile
forces. After 1000 cycles, the asphalt mortar exhibits vertical compression and horizontal tension.
However, in the upper left, lower left, upper right, and lower right quadrants, horizontal compression
occurs due to force transfer. Compressive forces arise along the direction of force conduction,
whereas tensile forces emerge when force conduction is perpendicular to this direction. A
"meniscus" pattern also forms at the junctions between these quadrants and the central region, where
horizontal tension occurs when force conduction aligns with the horizontal axis, and compression
arises when it is perpendicular. This phenomenon is mainly attributed to the overall force conduction
during cyclic fatigue loading, which primarily moves from the upper and lower sides toward the
central region. In the four corner regions, however, the force conduction deviates, leading to distinct
tensile and compressive behavior in different directions. At these junctions, the deviation also
induces partial tension and compression. Additionally, a small localized area beneath the loading
head experiences both horizontal and vertical compression due to localized stress concentrations.
At 3400 and 3800 cycles, crack formation causes the horizontal force in the affected area to
disappear, while vertical compression persists. The "meniscus" region shifts toward the center, and
compression zones develop on either side of the crack. This shift results from alterations in the force
conduction path caused by the crack, leading to localized stress concentrations. At 4200, 5200, and
6000 cycles, the upper and lower cracks merge, causing the central region of the crack to transition
from vertical compression to tension. Simultaneously, horizontal and vertical compression develop
on the left and right sides of the asphalt mortar. Vertical tension and horizontal compression also
emerge along the mortar's edges due to the formation of a penetrating crack, which weakens the
mortar's integrity, resulting in stress concentrations and altering the compression and tension at the
contact points.
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Fig. 15. Force chain of #70 asphalt mortar and 650kPa stress level at different indirect tensile
fatigue load cycles
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(f) 6000 cycles

Fig. 16 illustrates the contact break behavior of #70 asphalt mortar and SBS asphalt mortar
under varying stress levels. For both asphalt materials, an increase in stress level reduces the number
of fatigue load cycles before the onset of contact break. This is because the contact break stress is
fixed for a given material. As stress levels rise, contact damage initiates earlier, leading to an earlier
attainment of the contact break threshold, resulting in contact break. Additionally, higher stress
levels significantly reduce the time between the onset of contact break and fatigue failure. At
equivalent stress levels, the contact break patterns of #70 asphalt mortar and SBS asphalt mortar are
generally similar. However, SBS asphalt mortar experiences more load cycles before the onset of
contact break and exhibits a slower rate of break progression compared to #70 asphalt mortar.
Specifically, at a stress level of 750kPa, the contact break rate remains relatively stable from the
onset, with minimal fluctuations. At 650kPa, the contact break rate starts rapidly but stabilizes later.
At 550kPa, the contact break rate is initially slow but accelerates in the later stages.
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Fig. 16. The contact break condition of #70 asphalt mortar and SBS asphalt mortar under different

stress levels.



5 Conclusions

In this study, the Burgers model within the PFC discrete element program was enhanced to
incorporate bonding functionality by configuring the contact key and enabling contact deletion
through the 'Fish' scripting language. Further improvements were made to the Burgers model to
withstand tensile forces under repeated loading. The generalized Maxwell model was employed to
characterize the viscoelastic relaxation modulus, with uniaxial compressive dynamic modulus tests
conducted on asphalt mortar to determine the model parameters. The coefficients of the improved
Burgers model were then calibrated using the relaxation modulus data. A microscale viscoelastic
fatigue damage model was developed using the J-integral, based on Paris' law, to represent
microscopic fatigue damage by reducing the particle contact diameter. This approach addresses
limitations in existing fatigue damage models, where damage evolution is often empirically modeled
through interparticle stresses or forces. Finally, an indirect tensile fatigue test of the asphalt mortar
was conducted experimentally and simulated numerically using the proposed viscoelastic fatigue
damage model. Main conclusions are as follows:

(1) The results of the indirect tensile dynamic modulus experiment and corresponding
simulations at different frequencies were compared, with an average error of less than 10%.
This validates the reliability of the microscopic parameters obtained using the proposed
method.

(2) The fatigue life and crack area of #70 virgin asphalt and SBS-modified asphalt under
varying stress levels were accurately evaluated through indirect tensile fatigue tests, along
with the calibration of microscopic damage parameters. It was found that the damage
parameters A and n for #70 virgin asphalt were lower than those for SBS-modified asphalt,
with the crack area error within 15%.

(3) In the simulation of microscopic indirect tensile fatigue damage, crack formation impedes
the horizontal transfer of force within the crack region, leading to stress concentration on
particles adjacent to the crack and significantly increasing the relative displacement of these
particles.

(4) During crack coalescence in the upper and lower regions, a pronounced tension-
compression transformation occurs in the specimen’s edge regions. This phenomenon
arises from transverse contact failure in the central part of the specimen after the cracks in
the upper and lower regions interconnect. The contact failure disrupts the force
transmission pathway, causing a notable reduction in the specimen's effective load-bearing
area. Consequently, the interconnection of the upper and lower cracks signifies a substantial
degradation in the specimen’s load-bearing capacity.

(5) The trend in the number of contact break with fatigue load cycles is independent of the
asphalt type but is influenced by the stress level. This is primarily due to changes in stress
level, which modify the number of contact break undergoing damage reduction at the same
ratio (the number of fatigue load cycles as a proportion of total fatigue load cycles), thereby
affecting the number of contact break. In contrast, variations in asphalt type only alter the
damage parameters A and n, impacting the rate of contact break without affecting the
overall trend.

The current study exhibits certain limitations, including the absence of validation for the

fatigue damage model's accuracy under high-frequency and low-frequency loading regimes.

Furthermore, given the pronounced temperature-dependent behavior of asphalt materials,



subsequent investigations could explore the model's adaptability to varying thermal conditions and
even extend to environmental factors such as humidity and freeze-thaw cycles. Additionally, the
effects of oxidative aging, UV aging and chemical aging of asphalt materials on the accuracy of the
model can be further explored. In subsequent phases, this framework can be extended to fatigue
damage simulations of asphalt mixtures incorporating diverse aggregate types, binder contents, and
modification levels, thereby enhancing the generalizability of the viscoelastic fatigue damage model.
In the future, this model can be applied to predict the fatigue life of asphalt pavements under varying
loading magnitudes and environmental conditions, providing critical references for early detection
of pavement distresses and implementation of preventive maintenance strategies. Additionally,
during the pavement design phase, the model enables comparative evaluation of fatigue resistance
across different material compositions and structural configurations. By simulating stress
distributions at particle interfaces and crack propagation trajectories, it facilitates optimization of
material formulations and structural designs to enhance the overall performance of pavement

systems.
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