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Abstract

Asphalt pavements are prone to crack initiation and propagation under the interaction of moving loads and natural environ-
mental conditions, significantly reducing their performance and lifespan. Guided by fracture mechanics theory, this study
investigates the mechanisms and key influencing factors of crack propagation in asphalt pavements subjected to moving
loads through an integrated approach combining finite element simulation with back propagation (BP) neural network-
based prediction. A three-dimensional pavement model containing a longitudinal crack was developed in ABAQUS to
analyze the evolution of stress intensity factors K| and Kj; at the crack tip. The influences of vehicle speed, load level, and
structural parameters, including the thickness and elastic modulus of the surface, base, and sub-base layers, were exam-
ined. The results show that low-speed driving and overloading markedly increase the peak values of K; and Kj;, thereby
accelerating crack propagation. A decrease in the thickness of the surface layer or an increase in its elastic modulus greatly
raises stress intensity factors, while the influence of base and sub-base parameters is relatively limited. A decrease in
surface layer thickness or an increase in its elastic modulus significantly elevates the stress intensity factors, whereas the
effects of base and sub-base parameters are relatively minor. The developed BP neural network-based prediction model
achieves accurate estimation of K; and Kj;, with average errors below 3%, thereby offering a practical and efficient tool
for rapid assessment of pavement cracking resistance. These findings furnish a theoretical foundation for the optimized
design of asphalt pavements and the development of maintenance strategies, while also establishing a basis for future
research on crack propagation under multi-factor coupling conditions.

Keywords Asphalt pavement - Crack propagation - Stress intensity factor - Finite element analysis - Back propagation
neural network

1 Introduction

Road cracks represent a primary form of damage in asphalt
pavements, whose occurrence not only compromises driv-
ing safety and comfort but may also lead to traffic accidents
[1-4]. Factors such as temperature and load can induce
stress concentration at the crack tips. Once the local stress
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occurs, leading to further deterioration and potential struc-
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mental conditions like moisture and rainfall infiltration can
accelerate this process, exacerbating pavement damage
[8—10]. Therefore, investigating the propagation behavior
of pavement cracks is of critical importance.

Furthermore, ensuring the long-term serviceability of
asphalt pavements through continuous monitoring and
timely maintenance, despite frequent budget constraints,
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remains a primary objective for sustainable infrastructure
management. Accurate estimation of pavement service life
facilitates the forecasting of remaining lifespan and aids in
formulating efficient maintenance plans. Methods for esti-
mating remaining life due to different types of distress, such
as edge faulting, fatigue cracking, roughness levels, pave-
ment deflection, and layer thickness, are generally catego-
rized as functional or structural. These methods utilize data
such as the Pavement Condition Index (PCI), Pavement Sur-
face Rating (PSR), layer thickness, and layer modulus. Vari-
ous analytical approaches are available, including empirical
studies, probabilistic methods, mechanistic-empirical tech-
niques, and soft computing, all based on the pavement’s
history. Several studies in the literature have proposed con-
tinuous data collection methods using self-sensing sensors
to enhance the accuracy of pavement condition assessments
[11-14].

The formation and propagation of cracks in asphalt
pavements have long been a major research focus in road
engineering [15-17]. Numerous scholars have employed
various methods to analyze crack propagation, including
experimental methods, analytical methods, and finite ele-
ment analysis [18-22]. The experimental method is widely
adopted due to its effectiveness, enabling effective screen-
ing and assessment of crack behavior [23-27]. Kaplan was
the first to apply fracture mechanics to the study of crack
propagation in concrete [28]. With the deepening of under-
standing of crack propagation mechanisms, more research-
ers have begun to explore the influence of pavement
materials on crack propagation [29]. However, experimen-
tal approaches suffer from limitations such as lengthy dura-
tions, high costs, and difficulties in conducting large-scale
studies. Analytical methods, valued for their simplicity and
efficiency, have also been widely applied. Hillerborg et al.
[30] combined concrete fracture mechanics with discrete
models to study crack propagation. Sei Ueda et al. [31]
applied integral transformation methods to calculate the
stress intensity factors under interactions between different
composite materials. Zhong et al. [32] derived expressions
for the stress intensity factors at the crack tip, highlighting
the significant impact of the pavement’s elastic modulus on
crack propagation by integrating fracture mechanics theory,
Fourier transformations, and the residue theorem. Huang et
al. [33] improved the methods for three-dimensional crack
mesh division and stress intensity factor calculations. Finite
element analysis, as a numerical approximation tool for
simplifying complex problems, has been extensively used
in the study of pavements [34-36]. Yamada et al. [37] used
finite element analysis to investigate the singularity at the
crack tip, with the aim of revealing crack propagation pat-
terns. Aliabadi et al. [38] modelled and analyzed the non-
linear issues of concrete cracks using boundary element
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methods. Chen et al. [39] studied the propagation and settle-
ment problems of three-dimensional pavement cracks under
impact loads using ABAQUS software. However, due to
the complexity of crack behavior, existing studies present
certain limitations. For instance, the analytical methods
based on elastic layered system theory have not sufficiently
accounted for stress concentration effects in crack propa-
gation assessment. Moreover, factors such as vehicle load,
speed, and temperature variations have not been accurately
modeled, which affects the reliability of crack propagation
predictions.

To address the limitations of the aforementioned research,
this paper employs fracture mechanics theory and intro-
duces stress intensity factors to analyze the stress field at the
crack tip. A three-dimensional asphalt pavement model with
longitudinal cracks was developed using the finite element
software ABAQUS to determine the stress intensity factors
at the crack tip and to examine the influence of pavement
structure on crack propagation.

Moreover, in modern research on materials and their
physic-mechanical properties, machine learning methods
are increasingly being successfully applied, as evidenced
in the literature. Methods like bagging and random forests
leverage multiple models to enhance robustness and accu-
racy through algorithm aggregation. This approach has been
used, for instance, in predicting the compressive strength
of high-performance concrete [40]. In contrast, the back-
propagation (BP) algorithm operates by minimizing predic-
tion errors. This is achieved by adjusting the weights of the
connections between neurons in a multi-layered neural net-
work. Specifically, the BP algorithm computes the gradient
of the loss function with respect to each weight via the chain
rule, enabling the model to learn from prediction errors.

In recent years, machine learning (ML) techniques have
been increasingly applied to predict pavement performance
and damage propagation. For instance, Damirchilo et al.
[41] predicted the International Roughness Index (IRI)
using XGBoost on LTPP data, showing its superiority over
SVR and Random Forest; Yao et al. [42] developed a reli-
able and interpretable ML framework for pavement predic-
tion by integrating BorutaShap, Bayesian Neural Networks,
and SHAP. Meanwhile, Mansour et al. [43] created an
ensemble model for long-term Pavement Condition Index
(PCI) prediction, while Zhao et al. [44] identified Gradient
Boosting and ensemble methods as optimal for analyzing
pavement distress and overlay strategies.

However, most existing ML-based studies focus on crack
detection or material property prediction, with limited appli-
cation to the direct prediction of fracture mechanics param-
eters such as stress intensity factors (SIFs) under moving
loads. The present study differs by combining finite element
simulation with a BP neural network to predict SIFs (K| and
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Fig. 1 Schematic diagram of three
basic crack fracture modes: (a)
Mode I, (b) Mode 11, (¢) Mode 111
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Fig. 2 Stress distribution at the crack tip

Kjp) considering both structural and load parameters. This
approach enables rapid assessment of crack propagation risk
without repeated finite element analysis, offering a practical
tool for pavement design and maintenance planning.

Therefore, in this paper, a BP neural network was
employed to explore the effects of varying thicknesses and
elastic moduli of the surface layer, base layer, and sub-base
layer on crack propagation, as well as to model and predict
the stress intensity factors obtained at the crack tip. Through
this research, the paper aims to provide significant reference
value for pavement design and maintenance.

It is acknowledged that environmental factors such
as temperature cycles and moisture ingress significantly
influence crack propagation. However, to establish a clear
understanding of the mechanical drivers, the present study
deliberately focuses on the response induced by moving
loads, isolating these effects from environmental complexi-
ties. Future work will incorporate thermo-mechanical cou-
pling to explore crack behavior under combined thermal and
mechanical loading. Asphalt concrete exhibits significant
viscoelastic behavior, with properties dependent on tem-
perature and loading rate. However, this study models the
asphalt layer as a linear elastic material to simplify the com-
plex interactions of moving loads and crack propagation.
This assumption isolates the geometric and dynamic effects
of the load on SIFs, providing valuable qualitative insights,
though it does not capture the material’s rate-dependent
stiffness changes. Incorporating viscoelasticity remains a
key objective for future model refinement.

74

(b) ()
2 Theory of Fracture Mechanics

Fracture mechanics is a branch of solid mechanics that
focuses on the strength and propagation behavior of mate-
rials containing cracks. This discipline traces its origins to
the 1920s, when Griffith’s work on brittle fracture in glass
laid the foundational concepts, evolving into a systematic
theoretical framework by the 1950s. The three fundamen-
tal parameters in this field include the stress intensity fac-
tor (SIF, K), path-independent integral (J-integral, J), and
strain energy release rate (SERR, G). The stress intensity
factor describes the stress state at the tip of an elastic crack,
effectively eliminating the stress singularity induced by the
crack. The J-integral quantifies the energy absorbed due to
crack presence, while the strain energy release rate repre-
sents the energy required for the formation of new crack
surfaces.

Based on the stress and displacement characteristics of
cracks, they can be classified into three basic types: opening
mode (Mode 1), sliding mode (Mode II), and tearing mode
(Mode III), as illustrated in Fig. 1. Among these, Mode I
cracks are the most prevalent and critical form and have
been studied most extensively. In practical engineering,
many cracks do not occur as a single type but rather form
as a combination of two or three types, known as compound
cracks.

2.1 Stress Intensity Factor

In 1957, Irwin first introduced the concept of the Stress
Intensity Factor (SIF) [45], defining it as a physical quan-
tity that reflects the intensity of the elastic stress field at the
crack tip. It depends on the crack size, the geometric fea-
tures of the component, and the applied load.

Figure 2 illustrates a two-dimensional crack problem,
with the crack tip located at the origin. Both a rectangular
coordinate system and a polar coordinate system are estab-
lished to describe the stress and displacement fields near the
crack tip.

Stress field and displacement field at the tip of mode I
crack:
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In this equation, K| represents the stress intensity factor for
Mode I cracks, while u and v denote the displacement com-
ponents in the x and y directions, respectively. G represents
the shear modulus of the material, while x is a Kolosov con-
stant defined in terms of Poisson’s ratio (), as given by:
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Stress field and displacement field at the tip of mode II
crack:
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where Kj; represents the stress intensity factor for Mode 11
cracks.

For Mode I cracks, the condition for no crack propaga-
tion is as follows:

K; < K¢ 4

where K| represents the material’s fracture toughness, and
the same criterion applies to Mode II cracks.

For cracks under combined Mode I and II loading, the
propagation direction often deviates from the original crack
plane. Pook [46] suggested that the crack tends to branch
in a direction where the local Mode I stress intensity fac-
tor (K|) is maximized, and the local Mode II component
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(Kjp) is minimized. Based on the extended branch method,
the equivalent Mode I stress intensity factor for a branched
crack can be expressed as:

. 0 6 3 .
K; = cos5 <K1c0522 - 2K1151n9) 5

where 0 is the branch angle that satisfies K;;=0. This value
KI* can be regarded as an equivalent SIF governing mixed-
mode crack growth.

In this study, the stress intensity factors K; and K
obtained from the finite element model are used to assess
crack propagation risk based on the criterion K;<Kj.. This
provides a theoretical basis for the following numerical sim-
ulations and neural network predictions.

3 Numerical Simulation of Asphalt
Pavements

3.1 Finite Element Model by ABAQUS

ABAQUS is an internationally recognized advanced finite
element analysis software, capable of handling both rela-
tively simple linear analyses and highly complex nonlinear
problems. The software provides a variety of element librar-
ies and a wide range of material models, including metals,
reinforced concrete, rock, and composites. By defining the
geometric dimensions and material properties of the struc-
ture, applying loads, and setting boundary conditions, the
user-defined model can be meshed, after which finite ele-
ment analysis and calculations are performed.

ABAQUS primarily consists of a pre-processing and
post-processing module, ABAQUS/CAE, and two simula-
tion solvers, ABAQUS/Standard and ABAQUS/Explicit.
ABAQUS/CAE provides an interactive graphical environ-
ment and includes nine modules: Part, Property, Assem-
bly, Step, Interaction, Mesh, Load, Job, and Visualization.
The first seven modules are used for pre-processing, while
the Job module handles model analysis and computation.
The Visualization module is dedicated to post-processing,
displaying the analysis and calculation results. ABAQUS/
Standard is a general-purpose analysis module widely used
for solving linear and nonlinear problems, while ABAQUS/
Explicit is specifically designed for dynamic simulations.

3.2 Model Dimensions and Structural Parameters

As shown in Fig. 3, a pavement finite element model with
longitudinal cracks was established, with dimensions of
6 mx6 mx3.8 m. As shown in Table 1, the pavement is
divided into four layers: a 25 cm thick asphalt pavement
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Fig. 3 Pavement model and
meshing

Table 1 Pavement material parameters

Material type Thick-  Elastic Pois-  Den-
ness modulus  son’s  sity
(m) (MPa) ratio  (kg/
m’)
Asphalt pavement surface 0.25 3000 0.2 2500
layer

Cement-stabilized crushed 0.25 1200 0.3 2500
stone base layer

Cement-stabilized crushed 0.3 1000 0.35 2500
stone sub-base layer
Soil subgrade 3 300 0.35 1800

surface layer, a 25 cm thick cement-stabilized crushed stone
base layer, a 30 cm thick cement-stabilized crushed stone
sub-base layer, and a 3 m thick soil subgrade. The moving
load is applied as a pressure distribution via a user-defined
DLOAD subroutine, simulating the passage of a dual-wheel
assembly along the pavement centerline. Since the inter-
action between the two groups of wheels in a single-axle
dual-wheel assembly is minimal, we only analyzed the
dual wheels on one side. In the finite element analysis, this
model employs C3D8R, which is a three-dimensional eight-
node linear reduced integration hexahedral element. The
bottom surface of the subgrade is assigned fixed boundary
conditions. To mitigate boundary effects and approximate
a semi-infinite domain, the side surfaces are constrained
only in their normal directions. A uniform mesh of C3D8R
elements was employed throughout the model. A mesh

sensitivity analysis comparing element sizes of 20 cm,
15 cm, and 10 cm showed that reducing the size from 20 to
15 cm increased the peak K| value by 5.1%, while further
refinement to 10 cm resulted in only a 0.5% change. This
indicates result convergence at the 15 cm size, which was
therefore adopted to balance accuracy and computational
efficiency.

3.3 Moving Loads

According to the JTD D50-2017 (Specifications for Design
of Highway Asphalt Pavement), this study adopts the stan-
dard single axle dual-wheel assembly, specifically the BZZ-
100, with a standard axle load of 100 kN and a tyre pressure
of 0.7 MPa. A rectangular load is used to approximate the
tyre contact area for simplified finite element modelling,
with a length and width of 17.06 cm and 15.67 cm, respec-
tively, and a spacing of 16.28 cm between the two wheels.
The load equivalence diagram is shown in Fig. 4. In this
study, the contact pressure of the tyres is set at 0.7 MPa, and
the load is applied as a surface pressure using the DLOAD
subroutine on the three-dimensional asphalt pavement
model.

The moving load is applied along the longitudinal direc-
tion of the pavement, traversing directly above the pre-
existing crack. The load moves at a constant speed along
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Fig.4 Equivalent load diagram
(units: cm)

17. 06

15.67

a straight path parallel to the crack, with the center of the
dual-wheel assembly aligned with the crack centerline.

3.4 Crack Position

Based on fracture mechanics research, this study utilizes
the Extended Finite Element Method (XFEM) module in
ABAQUS to enable arbitrary crack propagation without the
need for the mesh to conform to the crack geometry. The
initial crack configuration for the simulation was clearly
defined as follows (as illustrated in Fig. 3). A pre-defined
through-length longitudinal crack, with a length of 3 m and
a depth of 4 cm, was embedded in the pavement model. This
crack penetrates vertically through the entire thickness of
the asphalt surface layer and is positioned at the center of
the model in both the longitudinal and transverse directions,
with its tip located precisely at the interface between the
surface layer and the base layer.

The primary advantage of using XFEM in this context
is that it eliminates the requirement for defining the pre-
cise path of crack propagation or refining the mesh around
the crack tip, which is often necessary in traditional finite
element analysis. Traditional methods typically require
re-meshing or the use of singular elements to capture the
stress singularity at the crack tip, leading to computational
inefficiency and complexity in modeling growing cracks.
In contrast, XFEM incorporates discontinuous enrichment
functions (jump functions for the crack face and asymptotic
functions for the crack tip) into the standard finite element
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approximation. This approach allows the crack to be mod-
eled independently of the mesh, enabling it to propagate
along an arbitrary, solution-dependent path during the anal-
ysis without the need for pre-defined growth planes.

In this study, the initial crack, with the dimensions and
location specified above, was defined as an enriched fea-
ture within the XFEM framework. During the loading step,
the model can simulate crack initiation and propagation
from this pre-defined flaw based on the calculated stress
fields, thereby more accurately representing the actual crack
behavior in asphalt pavements.

4 Calculation and Analysis of Stress
Intensity Factors

The Stress Intensity Factor (SIF) is a physical quantity that
reflects the intensity of the elastic stress field at the crack tip.
For Mode I cracks, when K;>0, it indicates that the crack tip
is subjected to tensile forces, leading to a tendency for crack
propagation; conversely, when K;<O0, it suggests that com-
pressive forces are acting on the crack tip, indicating no ten-
dency for crack propagation. For Mode II cracks, whether
K;;>0 or K;<0, shear stresses may still cause further crack
propagation.
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4.1 Impact of Vehicle Speed on Crack Propagation

In this section, we investigate the effects of different driv-
ing speeds on crack propagation. Vehicle speeds were set at
120 km/h, 90 km/h, and 60 km/h, and the variations of Kj
and K;; under these speeds were analyzed.

Figures 5a, b display the variation curves of stress inten-
sity K; and K|; at different speeds with the same load. As
time increases and the moving load gradually approaches
the crack tip, K| increases to a peak value; as the load moves
away, K; gradually decreases. Therefore, under the action
of the moving load, it is easy to induce the propagation of
Mode I cracks at the tip of the longitudinal crack. Mean-
while, as the moving load reaches the tip of the crack, the
stress intensity K, gradually increases, and when the mov-
ing load departs from the crack tip, the absolute value of
K; gradually decreases. The magnitude of K|, regardless of
its sign, influences crack propagation, potentially promoting
Mode II crack growth.

It is also noteworthy that although the duration of the
moving load’s effect on the crack differs at different speeds,
the resulting peak values of stress intensity are generally
similar. Slower moving loads result in longer load dura-
tions, which are more likely to lead to crack propagation.

This phenomenon is rooted in the viscoelastic nature of
asphalt concrete and its rate-dependent mechanical response.
Under a slow-moving load, the duration of stress applica-
tion at the crack tip is prolonged. This allows sufficient time

The stress intensity factor K at the crack tip at different speeds
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for viscous flow and creep deformation to occur within the
asphalt material, leading to a greater accumulation of strain
energy at the crack tip. According to the fundamental prin-
ciple of fracture mechanics, crack propagation is driven by
the energy release rate. A slower load rate thus provides
a higher energy input, increasing the crack driving force.
Furthermore, the extended loading time enables a more
developed plastic zone at the crack tip, which can reduce
the effective fracture toughness of the material. In contrast,
a high-speed load is akin to an impact, where the material
responds predominantly in an elastic manner; the energy is
applied too rapidly for significant viscous dissipation and
damage accumulation at the crack tip, resulting in a lower
propensity for crack propagation despite similar peak SIF
values.

The preceding analysis, based on a linear elastic material
model, elucidates that vehicle speed influences the SIFs pri-
marily through the duration of load application at the crack
tip. It should be emphasized that in reality, the viscoelastic
nature of asphalt concrete would introduce an additional
effect: the effective modulus of the asphalt layer would
increase with higher loading rates (vehicle speeds). This
rate-dependency could potentially counteract or amplify the
duration effects observed in our current model. Therefore,
the results presented represent a fundamental scenario. A
more sophisticated model incorporating viscoelastic mate-
rial properties is necessary to fully quantify the synergistic

The stress intensity factor K at the crack tip at different speeds
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Fig. 5 Curves of stress intensity factors K; and Kj; under different vehicle speeds and loads: (a, b) K; and K|; at different vehicle speeds, (¢, d) K

and K, at different load levels
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effects of loading rate and material response, which repre-
sents a promising direction for subsequent research.

4.2 Impact of Vehicle Load on Crack Propagation

As vehicles travel on the pavement, they apply various
loads, including axle loads, static loads, and dynamic loads
caused by vehicle vibrations. Dynamic loading in this con-
text refers to the transient fluctuations in tire-pavement
contact pressure resulting from vehicle dynamics and road
surface irregularities. These fluctuations can lead to varia-
tions in the contact area and pressure magnitude, which in
turn affect the stress intensity factors at the crack tip. There-
fore, to study the impact of dynamic loads on pavement
cracks, we can conduct simulated experiments by varying
the contact pressure. Therefore, to investigate the influence
of variable loading conditions, which serves as a proxy for
dynamic effects, on pavement cracks, a series of simulated
experiments were conducted by systematically varying the
tire contact pressure.

In actual driving conditions, overloaded vehicles often
increase the tyre pressure to maintain normal driving per-
formance, resulting in higher contact pressures on the
pavement. In this study, we investigate the effects of dif-
ferent load magnitudes on pavement crack propagation by
varying contact pressures. Specifically, we use a baseline
contact pressure of 0.7 MPa and examine the effects of con-
tact pressures of 0.9 MPa, 1.1 MPa, and 1.3 MPa on crack
propagation.

Figures 5c,d show the variation curves of the stress
intensity factors K; and Kj; at different load magnitudes.
As illustrated, with an increase in contact pressure, both K
and Kj; gradually increase. The experiments indicate that
an increase in the contact pressure of moving vehicle tyres
leads to higher peak values of the stress intensity factors,
thereby accelerating crack propagation.

The detrimental effect of overloading can be directly
explained by the fundamental definition of the stress inten-
sity factor. The SIF (K) is proportional to the applied far-
field stress (). An increase in tire contact pressure linearly
elevates the local stress in the pavement surface layer where
the crack is located. The stress fields around the crack tip
(Eqgs. 1 and 3) show that all stress components (oy, oy, 7,)
are linearly dependent on the SIF. Therefore, overloading
directly and linearly amplifies the stress concentration at the
crack tip. This pushes the crack tip into a more critical stress
state, significantly increasing the likelihood that the SIF will
exceed the material’s fracture toughness.

@ Springer

4.3 Impact of Surface Layer Material Parameters

In this section, we primarily investigate the influence of
the surface layer parameters, including layer thickness and
elastic modulus, on the propagation patterns of pavement
cracks.

4.3.1 Surface Layer Thickness

As shown in Fig. 6a, when the moving load travels uni-
formly at the same speed, the stress intensity factor increases
gradually as the load approaches the observation point over
time, and decreases after the load passes. In this study, when
other conditions are fixed and only the surface layer thick-
ness is changed from 30 to 15 cm, the stress intensity factor
K; gradually increases with the reduction in surface layer
thickness. Additionally, as illustrated in Fig. 6b, the stress
intensity factor Ky, which reflects shear stress variation
over time, initially increases to a positive peak, then quickly
drops to a negative peak, and ultimately decreases gradu-
ally. As the surface layer thickness decreases, the stress
intensity factor Kj; also gradually increases.

The results indicate that the thickness of the pavement
surface layer significantly influences the stress intensity fac-
tors K; and Kj;; specifically, the smaller the surface layer
thickness, the larger both K| and K}; become, making it more
susceptible to crack propagation. Therefore, increasing the
surface layer thickness can enhance the cracking resistance
of asphalt pavements. However, in practical engineering,
the cost should also be considered, and an appropriate value
for the surface layer thickness should be set.

The mechanism behind the influence of surface layer
thickness relates to the structural stiffness and stress distri-
bution. A thinner surface layer has lower flexural stiftness.
Under a moving load, it undergoes greater bending defor-
mation. This bending induces higher tensile stresses at the
bottom of the layer, which are directly transferred to the tip
of the surface-initiated crack, significantly increasing the
Mode-I SIF. Essentially, reducing the layer thickness dimin-
ishes the volume of material constraining the crack, allow-
ing the load-induced energy to be concentrated at the crack
tip. Conversely, a thicker surface layer increases the overall
structural stiffness, distributing the wheel load over a wider
area and effectively shielding or diluting the stress concen-
tration at the crack tip.

4.3.2 Surface Layer Elastic Modulus

The elastic modulus is a critical performance parameter of
engineering materials; from a macroscopic perspective, it
quantifies a material’s resistance to elastic deformation. The
elastic modulus of the surface layer is one of the essential



Crack Propagation and Intelligent Prediction in Asphalt Pavements Under Moving Loads

00OSlress intensity factor X at the crack tip under different surface layer thicknesses

[N]
=3

& Surface layer thickness of 32 cm
;E ~——a— Surface layer thickness of 25 cm
5 15000 e Surface layer thickness of 20 cm | 7|
o ——8— Surface layer thickness of 15 cm
>3

5 10000 -

°

8

2

% 5000

c

2

£

2 0

2

)

0 0.05 0.1 0.15 0.2 025

Time(s)

1500os"ess intensity factor X; at crack tip under different surface layer elastic modulus
Elastic modulus of 3000 MPa
~—&— Elastic modulus of 2500 MPa
e Elastic modulus of 2000 MPa

10000 | —8— Elastic modulus of 1500 MPa

Stress intensity factor I(,(Pa‘m"z)
g
8

0 005 0.1 015 0.2 025
Time(s)

(a)

(c)

Stress intensity factor Kj; at the crack tip under different surface layer thicknesses

8000
& Surface layer thickness of 30 cm
*e (8000 | ~—e— Surface layer thickness of 25 cm |
© e Surface layer thickness of 20 cm
o 4000 | [—8— Surface layer thickness of 15 cm | |
' 2000
8
& 0
2
% -2000 f
2
£ -4000
@
®
£ -6000 |
]

0 005 0.1 0.15 0.2 025

Time(s)

(b)

6OOOSlress intensity factor X;; at crack tip under different surface layer elastic modulus

'R Elastic modulus of 3000 MPa
& 4000 F - | =—#— Elastic modulus of 2500 MPa | |
© | ==#e— Elastic modulus of 2000 MPa

o | —8— Elastic modulus of 1500 MPa

W5 2000 | : |
8

&8 0

2

2

3 -2000 |

£

@

@ -4000

7]

-6000
0 0.05 0.1 0.15 0.2 025
Time(s) (d)

Fig.6 Curves of stress intensity factors K| and Kj; at the crack tip with different surface layer thicknesses and elastic moduli: (a, b) K| and Kj; for
different surface layer thicknesses, (¢, d) K; and Kj; for different surface layer elastic moduli

parameters of pavement structures and significantly influ-
ences the pavement’s resistance to crack deformation.

As shown in Fig. 6¢c, when the moving load travels at
a constant speed, the stress intensity factor gradually
increases as it approaches the observation point over time,
and decreases as it moves away from that point. In this study,
when other conditions are fixed and the elastic modulus is
varied from 3000 to 1500 MPa, the stress intensity factor K
decreases as the elastic modulus is reduced. Figure 6d also
presents the variation curve of the stress intensity factor Kj;
over time. Kj; first increases to a positive peak, then rapidly
drops to a negative peak, eventually decreasing gradually.
As the elastic modulus decreases, the stress intensity factor
Kj; also diminishes.

These experiments indicate that the pavement surface
layer’s elastic modulus significantly impacts the variations
of the stress intensity factors K; and Kj;. The greater the
elastic modulus, the larger the values of K and Kj;, which
increases the likelihood of crack propagation or failure.
Therefore, appropriately reducing the elastic modulus of
the surface layer can enhance the crack resistance of asphalt
pavements.

The elastic modulus determines the stress level gener-
ated for a given strain. A higher modulus material is stiffer
and will develop higher stresses under the same deforma-
tion. Since SIF is proportional to stress, a higher modulus
directly results in elevated K; and Kj; values at the crack
tip. Moreover, high-modulus materials often exhibit lower

fracture toughness or, at best, a KIC that does not increase
proportionally with elastic modulus. Consequently, a high-
modulus surface layer leads to a higher K;/K; ratio, increas-
ing the risk of crack propagation. In contrast, a moderately
lower modulus may accommodate greater deformation but
at a lower stress level. Such materials often possess better
toughness and energy-absorption capabilities, which help to
inhibit crack growth.

4.4 Impact of Base Layer Material Parameters
4.4.1 Base Layer Thickness

As shown in Fig. 7a, when the moving load travels at a con-
stant speed, the stress intensity factor gradually increases as
it approaches the observation point over time and decreases
as it moves away. With other conditions held constant and
the base layer thickness varied from 30 to 15 cm, the stress
intensity factor K; gradually increases with the reduction in
base layer thickness, although the change is relatively small.
Additionally, Fig. 7b presents the variation curve of the
stress intensity factor Kj; over time; Kj; initially increases
to a positive peak, then drops rapidly to a negative peak,
and finally decreases gradually. As the base layer thickness
decreases, the stress intensity factor Kj; correspondingly
increases.

The experiments indicate that a smaller base layer thick-
ness results in larger stress intensity factors K; and K,

@ Springer



Z. Jiang et al.

Stress intensity factor X; at the crack tip under different base layer thicknesses
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Fig. 7 Curves of stress intensity factors K; and Kj; at the crack tip with different base layer thicknesses and elastic moduli: (a, b) Kj and Ky, for
different base layer thicknesses, (¢, d) K; and K|, for different base layer elastic moduli

thereby increasing the susceptibility to crack propagation.
Therefore, increasing the base layer thickness can improve
the cracking resistance of asphalt pavements. However, in
practical engineering, considerations of cost should also
be considered, and an appropriate value for the base layer
thickness should be established.

4.4.2 Base Layer Elastic Modulus

As shown in Fig. 7c, when the moving load travels at a con-
stant speed, the stress intensity factor gradually increases as
it approaches the observation point over time and decreases
as it moves away. In this study, with other conditions held
constant and the base layer elastic modulus varied from
2100 to 1200 MPa, the stress intensity factor K; gradually
increases as the elastic modulus decreases. Additionally,
as illustrated in Fig. 7d, the stress intensity factor Kj; first
increases to a positive peak, then rapidly drops to a nega-
tive peak, and finally decreases gradually. In practice, the
variation in the value of the stress intensity factor Kj; is not
particularly pronounced as the elastic modulus decreases.
Therefore, the experiments indicate that the changes in
base layer thickness and elastic modulus do have an impact
on the stress intensity factors K; and Kj; at the crack tip,
although the specific effects are not very significant.

@ Springer

4.5 Impact of Sub-base Layer Material Parameters
4.5.1 Sub-base Layer Thickness

As shown in Figs. 8a, b, when the moving load travels
at a constant speed, the stress intensity factor gradually
increases as it approaches the observation point over time
and decreases as it moves away. In this study, when other
conditions are fixed and only the sub-base layer thickness is
changed from 30 to 15 cm, the variations in stress intensity
factors K and Kj; are not particularly pronounced.

4.5.2 Sub-base Layer Elastic Modulus

As shown in Figs. 8c, d, when the moving load travels
at a constant speed, the stress intensity factor gradually
increases as it approaches the observation point over time
and decreases as it moves away from that point. In this study,
when other conditions are fixed and the base layer elastic
modulus is varied from 1400 to 800 MPa, the changes in the
stress intensity factors K and Kj; are not very pronounced as
the elastic modulus decreases.

The relatively minor influence of the base and sub-base
layer parameters is due to their functional role and distance
from the crack tip. The crack is located within the surface
layer, and the SIF characterizes the local stress field at
its tip. According to the principles of stress dissipation in
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Fig.8 Curves of stress intensity factors Kj and Kj; at the crack tip with different sub-base layer thicknesses and elastic moduli: (a, b) K| and Kj; for
different sub-base layer thicknesses, (¢, d) K; and Ky, for different sub-base layer elastic moduli

layered systems, the load stress is significantly attenuated
and spread out by the time it reaches the deeper layers and
is then reflected back to the surface crack tip. Therefore,
changes in the properties of these underlying layers have a
muted effect on the intense, localized stress concentration
at the crack tip. Their primary function is loading distribu-
tion and overall structural support, influencing phenomena
like overall deformation and fatigue life, rather than directly
controlling the stress state at a pre-existing surface crack.

5 Prediction of Stress Intensity Factors

From the previous sections, we understand that computing
the stress intensity factors for the three-dimensional asphalt
pavement model using ABAQUS finite element analysis is
quite complex. The variations in structural parameters (such
as pavement thickness and elastic modulus), speed, and load
magnitudes require mesh generation for the model, making
the process cumbersome. Therefore, to address this phe-
nomenon, this study employs artificial neural networks to
compute and predict stress intensity factors, thereby stream-
lining the calculation process.

5.1 Back Propagation (BP) Neural Network

Artificial neural networks are important models in the field
of artificial intelligence, among which the Back Propagation

(BP) neural network is widely used. The BP neural network
has strong capabilities for processing and mapping nonlin-
ear problems.

In this study, the selection of input parameters for the
BP neural network was based on the parametric analysis
presented in Sects. 4. The results indicated that the surface
layer parameters (thickness and elastic modulus) have the
most significant influence on the stress intensity factors,
while the base layer parameters also contribute, though to
a lesser extent. The influence of the sub-base layer param-
eters was found to be minimal. Therefore, to achieve an
optimal balance between model computational efficiency
and predictive accuracy, four key structural parameters were
selected as model inputs: surface layer thickness, surface
layer elastic modulus, base layer thickness, and base layer
elastic modulus. These parameters represent the primary
design variables governing pavement response in the con-
text of this study. The output layer is focused on calculating
the stress intensity factors K; and Kj; at the crack tip, which
is why it is configured with two neurons.

The structure of the BP neural network, including the
number of hidden layers and neurons, was determined
through an iterative trial process aimed at optimizing per-
formance while avoiding overfitting. A single hidden layer
was found to be sufficient for capturing the nonlinear rela-
tionships in this problem. The number of neurons in the
hidden layer was set to 10, which provided a good balance
between model complexity and generalization capability.

@ Springer



Z. Jiang et al.

Input

Fig.9 Structure of BP neural network

The hyperbolic tangent sigmoid function was used as the
activation function for the hidden layer, and a linear activa-
tion function was used for the output layer.

In this study, we constructed a three-layer neural network
with a single hidden layer, consisting of 4 neurons in the
input layer, 10 neurons in the hidden layer, and two neurons
in the output layer. The structure of the BP neural network
is shown in Fig. 9.

The Levenberg—Marquardt algorithm, known for its fast
convergence, was selected as the training algorithm. The
mean squared error was used as the performance function.
We conducted experiments to calculate stress intensity fac-
tors K and Kjj, resulting in a total of 256 sets of experimen-
tal data to serve as the overall sample dataset. The input
parameters varied in the simulations were the surface layer
thickness (15, 20, 25, 30 cm), surface layer elastic modulus
(1500, 2000, 2500, 3000 MPa), base layer thickness (15,
20, 25, 30 cm), and base layer elastic modulus (1200, 1500,
1800, 2100 MPa). A full-factorial experimental design was
employed, resulting in 4 x4 x4 x4=256 unique parameter
combinations. For each combination, the peak values of the
stress intensity factor, K; and Kj;, at the crack tip under the
moving load were extracted from the simulation results,
forming the output data.

Table 2 Test results of stress intensity factor K at the crack tip

The dataset was normalized to the range [0, 1] to ensure
stable and efficient network training. During the experi-
ments, 20% of the data were randomly selected as the
test set to evaluate the model’s generalization ability. The
remaining 80% were used as the training set to train and
validate the proposed BP neural network. This 8020 split
is a common and effective practice in machine learning to
ensure sufficient data for training while retaining a represen-
tative portion for unbiased testing.

The sample size of 256 was determined through a full-
factorial design of the four key structural parameters and
proved sufficient to capture the nonlinear relationship
between inputs and SIFs, as demonstrated by the high pre-
diction accuracy in Sect. 5.2. Future studies could consider
expanding the dataset by incorporating additional vari-
ables or more parameter levels to further enhance model
generality.

5.2 Prediction Results of Neural Network

To achieve more convenient predictions of the stress inten-
sity factors at the crack tip, this subsection utilizes the cre-
ated training and testing datasets to train and predict using
the proposed BP neural network model. To comprehen-
sively evaluate the predictive performance of the BP neu-
ral network model, in addition to the percentage error, we
employed the Root Mean Square Error (RMSE) and the
Coefficient of Determination (R?) as evaluation metrics.
The RMSE reflects the absolute magnitude of the prediction
error, while R? indicates the proportion of variance in the
actual data that is explained by the model.

According to Tables 2 and 3, the trained BP neural net-
work model can effectively predict the stress intensity fac-
tors at the tips of the cracks. The maximum error for K;
is 6.88%, the minimum error is 0.31%, and the average
error is approximately 2.99%. For the stress intensity fac-
tor Ky, the maximum error is 6.03%, the minimum error
is 0.51%, and the average error is controlled at around
2.86%. Furthermore, the overall RMSE for K; on the test

Surface layer thick- Surface layer elastic ~ Base layer thick- Base layer elastic Actual K; Predicted K; Error
ness (cm) modulus (MPa) ness (cm) modulus (MPa) (MPaxm'" 2) (MPax m'?) (%)
25 2500 20 1200 11474 11,605 1.14
25 2000 25 1500 8336 8281 0.65
25 1500 25 2100 5666 5285 6.72
30 2500 15 1500 8339 8913 6.88
30 2000 20 2100 5486 5385 1.83
20 2500 20 1800 11384 11753 3.24
20 2000 20 1200 12116 12424 2.54
20 1500 30 1200 9406 9698 3.11
15 2500 20 1500 14592 14637 0.31
15 2000 30 2100 9682 10015 3.44
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Table 3 Test results of stress intensity factor Kj; at the crack tip

Surface layer thick- Surface layer elastic ~ Base layer thick- ~ Base layer elastic ~ Actual K Predicted K Error
ness (cm) modulus (MPa) ness (cm) modulus (MPa) (MPaxm'?) (MPaxm'?) (%)
25 2500 20 1200 5300 5232 1.28
25 2000 25 1500 4241 4020 5.20
25 1500 25 2100 3448 3240 6.03
30 2500 15 1500 4673 4821 3.17
30 2000 20 2100 3694 3712 0.51
20 2500 20 1800 5937 5837 1.67
20 2000 20 1200 5210 5075 2.57
20 1500 30 1200 3875 3717 4.05
15 2500 20 1500 6336 6422 1.37
15 2000 30 2100 4846 4983 2.82

set is 0.324 MPa-m'/%, with an R? value of 0.986. For K,
the RMSE is 0.298 MPa-m'/%, with an R? value of 0.982.
These metrics collectively confirm the high accuracy and
strong explanatory power of the established BP neural net-
work model. Therefore, the results demonstrate that the BP
neural network provides a feasible, accurate, and practical
approach for predicting stress intensity factors, which is a
crucial step in assessing crack propagation risk in asphalt
pavements (see Tables 2 and 3).

The trained BP neural network model can serve as a fast
surrogate model for optimizing pavement design against
cracking. By defining an objective function that minimizes
the equivalent stress intensity factor K", and setting con-
straints based on material availability and cost, optimization
algorithms can be used to identify optimal combinations
of layer thickness and modulus. This approach provides a
practical tool for designing crack-resistant pavement struc-
tures and will be explored in future work.

6 Discussion
6.1 Equivalent Stress Intensity Factor

Although the current study primarily analyzes the separate
values of K; and Kj; to elucidate their individual influences
on the crack tip stress field, the fracture process under mov-
ing loads is inherently a mixed-mode (I/II) problem. As
established by Pook (1980), a fundamental principle in frac-
ture mechanics is that cracks in isotropic materials tend to
propagate in a direction that maximizes the local Mode I
stress intensity factor of a potential branch crack, effectively
transforming the mixed-mode problem into an equivalent
Mode I problem. This equivalent SIF, often denoted as K,
provides a unified criterion for predicting crack initiation
and growth under combined loading conditions.

For the longitudinal crack investigated in this model,
while the propagation path may remain self-similar, the
driving force is still a combination of Modes I and II. The

use of an equivalent SIF, such as the one derived from the
maximum tangential stress criterion or Pook’s branch crack
theory, would synthesize the contributions of K; and K
into a single, more physically representative parameter. The
findings of this study, which systematically quantify the
effects of various factors on K and Kj;, provide the essential
foundational data required for calculating any such equiva-
lent SIF in subsequent analysis. The developed BP neural
network model, capable of accurately predicting both K; and
Ky, could be readily extended to output an equivalent K",
thereby offering a more robust tool for pavement lifetime
assessment against mixed-mode fracture.

Therefore, a key direction for future work will be to
incorporate this unified criterion by selecting and apply-
ing an appropriate equivalent SIF formula to our dataset,
re-evaluating the crack propagation risk based on this new
metric, and extending the prediction model to directly fore-
cast K;". Such an advancement would be particularly valu-
able for predicting the branching behavior of inclined or
non-planar cracks, a frequent phenomenon in actual pave-
ment damage, thereby significantly enhancing the model’s
practical applicability for comprehensive pavement integ-
rity evaluation and remaining life prediction.

6.2 Mechanistic Explanation

This study systematically reveals the key factors influenc-
ing crack propagation under moving loads through finite
element simulation and provides an efficient prediction tool
via a BP neural network. The deeper mechanistic analysis
offered herein provides universal insights for pavement
design.

Fundamentally, all influencing factors alter the balance
between the crack driving force (quantified by SIF) and
the material’s resistance to cracking (fracture toughness,
KIC). Low speed and overload primarily act by increasing
the energy input and stress intensity at the crack tip, thus
increasing the driving force. The surface layer parameters
directly govern the structural response that determines how
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much of the load stress is concentrated at the crack tip. A
critical finding is the "local dominance" principle: the mate-
rial and geometric properties of the layer containing the
crack are paramount. This finding has direct implications
for maintenance and rehabilitation strategies, suggesting
that interventions should focus on the surface layer for sur-
face-initiated cracks.

An important design implication arises from the finding
that a high-modulus surface layer increases crack propaga-
tion risk. This presents a classic conflict in pavement design:
high modulus is often desired for resistance to rutting, while
crack resistance may benefit from a more flexible and tough
material. This highlights the need for balanced or function-
ally graded design approaches, where the surface layer is
optimized for cracking resistance, and the intermediate lay-
ers are optimized for stiffness and rutting resistance.

The successful application of the BP neural network
demonstrates that despite the complexity of the fracture pro-
cess, the relationship between key mechanistic parameters
and the crack-tip response (SIF) is deterministic and can be
captured by a data-driven model. This bridges mechanistic
understanding with practical predictive tools.

It should be noted that the current BP model focuses
on structural parameters as inputs, with load magnitude
and vehicle speed held constant at standard design val-
ues. This approach aligns with common pavement design
practice, where designers evaluate structural alternatives
under specified standard loading conditions (e.g., BZZ-100
with 0.7 MPa contact pressure). While load and speed are
important operational variables, their inclusion would shift
the model toward a real-time assessment tool rather than a
design-oriented one. Future work could extend the model to
incorporate these variables, along with environmental fac-
tors such as temperature, to support more comprehensive
pavement performance prediction under varying traffic and
climate conditions.

7 Conclusions and Prospects

This paper utilizes fracture mechanics theory and ABAQUS
finite element analysis software to develop a three-dimen-
sional asphalt pavement model, integrating stress intensity
factor analysis and BP neural network predictions to inves-
tigate crack propagation patterns and influencing factors
under moving loads. Key conclusions include:

(1) Low-speed driving exacerbates crack propagation by
prolonging the load duration, allowing for greater vis-
coelastic energy accumulation and damage at the crack
tip. Overloading linearly intensifies the crack-tip stress
field, rapidly elevating the stress intensity factors (X
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and K;) and pushing the crack toward unstable growth.
Both factors significantly increase the crack driving
force.

(2) The reduction of surface layer thickness lowers the
bending stiffness, leading to stress concentration at the
crack tip. An increase in the surface layer’s elastic mod-
ulus directly raises the stress level under load. These two
parameters are the most sensitive because they directly
control the mechanical environment at the crack tip. In
contrast, changes in base and sub-base layer parameters
have a limited mechanistic influence on the stress field
of a surface crack due to stress dissipation and their dis-
tance from the crack.

(3) The BP neural network model effectively mapped the
complex, non-linear relationships between the key
design parameters and the crack-tip SIFs, confirming
the feasibility of a mechanics-informed data-driven
approach for rapid pavement performance assessment.
The BP neural network model successfully predicts
the crack tip stress intensity factors K; and Kj; with an
average error of less than 3%. The findings provide
theoretical insights for asphalt pavement design and
maintenance, recommending a focus on optimizing sur-
face layer structural parameters and controlling over-
loaded vehicles. Maintenance efforts should prioritize
low-speed heavy-load sections, with prompt repairs of
minor cracks to delay propagation.

A recognized limitation of this study is the exclusion of
temperature variations, which are known to significantly
affect asphalt material properties and crack behavior. Future
research should integrate thermal effects into the finite ele-
ment model to better simulate real-world conditions and
provide a more comprehensive understanding of crack
propagation. This study serves as a preliminary demon-
stration of combining finite element simulation with a BP
neural network to predict crack-tip stress intensity factors.
While the current model focuses on material and structural
parameters, it establishes a flexible framework that can be
extended in the future to include crack morphological fea-
tures such as length, depth, and inclination. The neural net-
work approach shows great promise for efficiently handling
high-dimensional parameter studies, which will be essential
for comprehensive fracture assessment in practical pave-
ment engineering.
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