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ABSTRACT

The full-section asphalt concrete waterproof layer (FACWL) has garnered significant attention for its out-
standing ability to reduce frost heave and thaw-related weakening in railway track beds, particularly in
seasonally frozen regions. To explore the dynamic properties of the FACWL, a fractional-order constitu-
tive model was utilized to characterize the viscoelastic behavior of asphalt concrete. Additionally, a vehi-
cle-track coupled finite element (FE) model and the numerical approach incorporating the fractional-
order constitutive model were developed and validated via experimental and field testing. Simulation
results indicate that applying the FACWL reduces the vertical dynamic response of each structural layer,
vertical peak accelerations across the subgrade surface layer exhibited reductions exceeding 30% in both
positive and negative directions. Moreover, the tensile strain at the bottom of the FACWL remained rel-
atively low, less than 100 pe. Compared with conventional waterproof sealing layers, the viscoelastic nat-
ure of the FACWL facilitates energy dissipation, effectively decreasing the overall vibrational amplitude
and vertical deformation within the track structure by more than 20%. Consequently, the FACWL plays
a crucial role in ensuring the long-term stability of the subgrade and minimizing vibrations in the track

Fractional-order constitutive model
system.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In seasonally frozen regions, water infiltration into a ballastless
trackbed can cause freeze-thaw damage, compromising track
durability. Waterproof layers are widely utilized to prevent water
ingress [1]. Additionally, in some sections, these layers help reduce
vertical stress, support the upper structure, and maintain track
smoothness [2-5]. Compared with traditional cement concrete
waterproof layers (CCWLs), asphalt concrete waterproof layers
(ACWLs) offer superior flexibility, crack resistance, and tempera-
ture adaptability, making them more suitable for use in China’s
high-speed railways [6,7]. Typically, ACWL is applied to specific
sections such as track shoulders and inter-track zones; however,
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these applications often result in structural discontinuity and com-
plicate construction [8,9]. To address these challenges, a full-
section asphalt concrete waterproof layer (FACWL) has been pro-
posed, which integrates waterproofing and load-bearing functions
across the entire track cross-section [10].

FACWL has demonstrated exceptional structural integrity and
performance in long-term monitoring, as shown in engineering
projects like the Zhengzhou-Xuzhou (Zhen-Xu) high-speed rail-
way [4]. It simultaneously provides water insulation and mechan-
ical support, significantly reducing structural cracking, slab
dislocation, and vibrations [11,12]. Nevertheless, FACWL design
methods remain predominantly empirical. Current models over-
simplify the dynamic wheel-rail interaction by using static circular
loads and lack systematic approaches to incorporate temperature
effects. This results in inconsistent assumptions about boundary
conditions and load transfer mechanisms, limiting their applicabil-
ity in high-speed rail designs [4,9,13].
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Although asphalt mixture design methods are well-developed
and typically use the dynamic modulus as a performance index,
structural design approaches for ACWL and FACWL are still insuf-
ficient. Fatigue performance is usually evaluated under idealized
stress conditions with static train tests, which do not accurately
reflect the real behavior of moving trains. Current design methods
fail to correlate field-measured dynamic responses with asphalt
fatigue life, leading to structural designs that lack performance-
based criteria [14-16].

To achieve more realistic simulations, some studies have
employed three-dimensional (3D) finite element (FE) models of
vehicle-track interaction (VTI) systems. However, these methods
are often limited by the computational cost and complexity of con-
tact modeling. VTI dynamics offer a more efficient and realistic
approach by incorporating track irregularities and dynamic load
transfer [4,17-19]. Nevertheless, few studies have integrated these
models with the FACWL structure, especially to capture realistic
wheel-rail interactions [20].

Another significant challenge is the constitutive modeling of
asphalt mixtures, whose viscoelastic behavior is sensitive to both
time and temperature. Conventional models, such as the general-
ized Maxwell model (GMM), require numerous parameters to fit
experimental data and often fail to predict performance over a
wide temperature range [8,14,15,21]. By contrast, the fractional-
order viscoelastic model, specifically the two springs, two para-
bolic elements, and one dashpot (252P1D) model, offers more
accurate predictions across scales with fewer parameters [22-
25]. Although applied in road engineering, its integration with
track system modeling, particularly in FE software like ABAQUS
(Dassault Systémes, France), remains scarce [26,27].

This study aims to bridge these gaps by integrating a fractional-
order constitutive model with a refined FE VTI model to examine
the dynamic response of the FACWL. The influence of the asphalt
concrete layer on the dynamic behavior of the overlying track
structure and the subgrade is thoroughly examined. Furthermore,
the effects of various structural and material parameters on the
dynamic response are investigated. This methodology provides a
practical and efficient framework for modeling FACWL in ballast-
less tracks, offering valuable insights for structural design, material
selection, and long-term performance evaluation.

Initially, dynamic modulus and fatigue tests are conducted on
FACWL samples from the Zheng-Xu test section to characterize
their mechanical behavior. A fractional-order model was calibrated
using experimental data, and a numerical algorithm was developed
for implementation within ABAQUS via user subroutines. Subse-
quently, a 3D VTI model was constructed, integrating realistic
wheel-rail interactions, damping, and boundary conditions. The
model accuracy was validated by comparing it with experimental
results and theoretical solutions. The dynamic response of the
FACWL was then analyzed under various operating conditions,
including changes in axle load, speed, temperature, material mod-
ulus, and structural thickness. Additionally, the performance of the
FACWL was compared to conventional waterproof layer configura-
tions to assess its benefits in vibration mitigation and fatigue
resistance.

2. Experiment program

A series of experiments were conducted to characterize the fun-
damental mechanical properties of the asphalt mixtures used in
FACWL. Subsequently, dynamic modulus tests were performed to
demonstrate the application of dynamic modulus under high-
speed train loading conditions. Details of these tests are provided
in Section S1 in Appendix A.

Engineering xxx (XXXX) XXx
3. Model development

The viscoelastic properties of asphalt concrete are described
using the GMM [28,29]. The effectiveness of the model in numeri-
cal simulations was enhanced via parameterization with the Prony
series [30]. However, increasing simulation precision often neces-
sitates additional Prony series terms, which can reduce computa-
tional efficiency. To balance accuracy and efficiency, this section
explores the application of a fractional-order constitutive model
for asphalt concrete within numerical simulations, exemplified
by the FE software ABAQUS. A vehicle-track coupling model incor-
porating a fractional-order model was developed to analyze the
dynamic response of the FACWL, thereby enhancing the under-
standing and predictive accuracy of simulations under dynamic
loading.

3.1. Numerical implementation of the fractional-order constitutive
model

This study established a framework for integrating a fractional-
order constitutive model for asphalt mixture into FE models
through three steps: (D discretizing the continuous relaxation
spectrum for FE compatibility, @ implementing the model into
FE software (e.g., ABAQUS via user subroutines), and @ conducting
parallel parameter calibration using experimental data. The
research compared the GMM, generalized fractional Maxwell
(GFM) models, and 2S2P1D models, ultimately selecting GFM-2
and 2S2P1D for subsequent analysis. Corresponding subroutines
were developed according to the guidelines in Section S2 in Appen-
dix A.

3.2. Development of vehicle-track coupling model

Extensive studies have shown that the vehicle-track coupling
model accurately characterizes the dynamic response of track
structures [17,31-33]. In this study, a vehicle-track coupling
model incorporating FACWL was established for application in
the Zheng-Xu high-speed railway. Fig. 1 presents a schematic of
the track and vehicle models.

The Rayleigh damping coefficient defines the structural damp-
ing characteristics. Initially, modal analysis was performed based
on Rayleigh damping definitions to obtain the first two self-
oscillating modes [34]. Fig. 1(a) illustrates the track structure
cross-section, featuring a 0.1 m thick FACWL layer that replaces a
portion of traditional gravel, distinguishing it from conventional
ballastless tracks. Most components are simulated using C3D8R
elements, except for Cartesian fasteners spaced at 0.63 m intervals.
The dynamic stiffness of the fasteners is set to 1.5 times their static
values. The expansion joints for the track plate and base plate are
70 mm and 20 mm wide, respectively. Beam elements represent
the base plate transfer bars (Fig. 1(b)). Material parameters are
provided in Table 1, with subroutines modeling the viscoelastic
behavior of FACWL asphalt. The CRH380-based vehicle model
(Fig. 1(c)) comprises a body, bogies, wheelsets, and suspensions.
Wheelsets have multiple degrees of freedom (DOFs)—specifically
vertical, transverse, roll, yaw, and pitch—resulting in a total of 31
DOFs for the entire vehicle, as detailed in Table 2 [35].

In addition to material and structural configurations, Hertz con-
tact models the interaction between the wheel and rail [36], and a
penalty contact simulates interactions among other track structure
components [37]. Furthermore, track irregularities based on power
spectral density (PSD) are incorporated into the model [17,36]. Infi-
nite boundary elements (CIN3D8) are used to mitigate the adverse
effects of stress waves; detailed configuration methods are
described in Ref. [38].
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Fig. 1. Schematic of the vehicle-track coupling model. (a) Typical section, (b) overview of the model, (c) vehicle model.

Table 1

Parameters of track structure.
Part Modulus (MPa) Poisson’s ratio Density (kg-m™3) Damping ratio
Rail 210 000 0.30 7 800 0.010
Track slab 36 000 0.20 2 500 0.030
Self-compacting concrete layer 32 500 0.20 2 500 0.030
Base slab 32 500 0.20 2 500 0.030
Graded gravel on the surface of the subgrade 220 0.30 2 000 0.045
Bottom of the subgrade 130 0.25 1 800 0.039
Embankment below subgrade 80 0.25 1700 0.035

3.3. Model validation
Table 2

Vehicle model parameters of CRH380 [35].

Validation involved three steps: a user subroutine, constitutive

Parameter Unit Values . i . N
model, and vehicle-track coupling model. Initially, the subroutine
Body/bogie/wheelsets mass kg 40 000/3 lidated b . ical Ivtical d .
20012 400 was validated by comparing numerical, analytical, and experimen-
Body nodding/shaking/side-rolling x 10° kg-m? 2.70/2.70] tal Tesulgs. Second, th(.e constitutivelmodel. was vglidated by com-
inertia 1.15 paring virtual dynamic modulus simulations with experimental
Bogie nodding/ shaking/side-rolling kg-m? 7 200/6 data. The third section validates the vehicle-track coupling model
inertia 800/3 200 by comparing numerical results with field test data. Validations for
Wheelsets shaking/side-rolling inertia kg-m? 1200/1 200 ﬁ’ f P € detailed in Section S3 in A i dix A
Vertical/longitudinal/transverse stiffness ~kN-m™! 1 040/9 t' e first two steps are detaile n .eCtI.OH 1n AppendiX A, respec-
of primary suspensions 000/3 000 tively. Only the VTI model validation is presented here.
Vertical/longitudinal/transverse kN-s-m~! 40/0/0 ield test data from the Zheng-Xu high-speed railway confirmed
v d?‘mlplmg of F(’jf_'mffy 5'-‘5133“5“”};f N 4001240 the validity and accuracy of the vehicle-track coupling model. The
e‘;;c:e/c ;’:itrl; ;L’sap/et;z?;‘:serse stiffness  kN-m 5 40/ / monitoring points were positioned at the base slab (BS) centerline
Vertical/longitudinal/transverse KN-s-m~" 60/500/30 and struc.tural joints (Fig. 2(a)). Fgr an FACWL thickness of 10 cm
damping of secondary suspensions and a train speed of 250 km-h~!, Figs. 2(b)-(d) show three dynamic
Vehicle spacing ) m 17.375 response parameter curves. The test results demonstrated two verti-
The wheelbase of the bogie m 25 cal displacement peaks on the track surfaces from wheelset superpo-
Rolling radius of the vehicle m 0.46

sition under single-train loads. The measured vertical displacement
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Fig. 2. Process of validating vehicle-track coupling model. (a) Monitoring section, (b) vertical displacement, (c) vertical acceleration, (d) vertical stress.

ranged from 0.01 to 0.5 mm, and vertical acceleration ranged from
1.6 to 3.2 m-s~2. The FE model predictions aligned with field mea-
surements for vertical displacement and acceleration; however,
minor peak deviations may have resulted from variations in the
track irregularity spectrum. The validated model effectively captured
the track structure dynamics under train loads, permitting an accu-
rate FACWL dynamic response analysis.

4. Simulation results
4.1. Unfavorable load location analysis

4.1.1. Longitudinal distribution

To analyze the dynamic response of the FACWL, the unfavorable
longitudinal train load position that causes the largest response
must be identified. As shown in Fig. 3, three load conditions (Con-
ditions (1), 2, and 3) were focused on the rear wheels of the front
bogie: at the BS end joints, track slab (TS) joints, and BS center.

At an ambient temperature of 20 °C and a train speed of
350 km-h™!, a vehicle-track coupling model calculated vertical

Working
condition 1

Working Working
condition 2 condition 3

Steel track

stress, displacement, acceleration, and base tensile strain in FACWL
under various conditions (Table 3). Dynamic responses under Con-
ditions 1, 2, and 3 indicated heightened structural vulnerability
when wheelsets aligned with track cracks, especially base-slab
end cracks. Table 3 shows an increased risk of transverse cracking,
as longitudinal tensile strain significantly exceeds transverse strain
at the FACWL base. Fig. 4 depicts transverse strain concentration
near the loaded BS edges and longitudinal strain accumulation at
structural joints under Condition 1, necessitating design adjust-
ments. Notably, the tensile strain of asphalt concrete under train
loads remained low (1/5-1/10 of conventional pavements), high-
lighting the superior fatigue resistance of FACWL. Enhancing the
fatigue limit of the asphalt mixture effectively mitigates flexural
cracking during service.

4.1.2. Spatial distribution

Fig. 5 illustrates the transverse distribution of the dynamic
response of FACWL under load Condition 1. The dual-line routes
extend from 0 m to the shoulder boundary at 6.8 m. Vertical dis-
placement (Fig. 5(a)) exhibited minimal variation between the

Track slabs

PRSI T Self-compacting concrete

R | R R R R

- Base slabs

Asphalt concrete subgrade

Fig. 3. Location of the selected load conditions.
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Table 3
Dynamic response of FACWL under different working conditions.

Dynamic response Working condition

1 2 3
Vertical stress (kPa) 36.18 27.15 19.21
Vertical displacement (mm) 0.39 0.37 0.30
Vertical acceleration (m-s~2) 4.95/ 4.41/ 431/
—-4.32 -4.54 -3.47
Longitudinal tensile strain at the bottom of  7.01 20.57 13.94
the layer (pe)
Transverse tensile strain at the bottom of 7.01 6.13 4.88

the layer (pe)

top and bottom layers of FACWL, peaking below the track near the
shoulder. Fig. 5(b) indicates higher vertical stress at the FACWL
base, peaking near the slab edge. Fig. 5(c) reveals predominant
transverse compression at the FACWL top, with minimal trans-
verse tensile strain concentrated beneath the track at the base.
Fig. 5(d) illustrates the longitudinal tension on both surfaces, with
higher intensity at the bottom and peak values near the slab cen-
ter. The dynamic response is primarily concentrated beneath the
track and at the slab edges, significantly influencing the base width
of the slab.

The positions beneath the rail and at the BS edges on the shoul-
der were selected to plot vertical surface stress and bottom longi-
tudinal strain distribution curves along the track, demonstrating
the transverse distribution of the dynamic behavior of FACWL
(Fig. 6). The structural joints of the foundation slab are depicted
by two vertical lines in Fig. 6.

Longitudinal distribution data in Fig. 6 reveal two peaks in bot-
tom surface longitudinal strain and FACWL vertical stress along the
length of the track. Peak concentrations occur at foundation slab
expansion joints, spanning approximately 10 m longitudinally.
Field data from Jing-Hu high-speed railway tests show subgrade
surface (SS) dynamic stress variations within a 9-10 m longitudi-
nal range, consistent with simulations. Base slab edges are more
critical for vertical stresses, whereas track-aligned positions exhi-
bit greater susceptibility to longitudinal tensile strain [39].

Fig. 7 presents the longitudinal distributions of draped displace-
ments and stresses (strains) within the graded gravel layer. Similar
to FACWL, the dynamic response index of the graded gravel layer
peaks in the joint areas of the BS structure.

(@)

(b)

Engineering Xxx (XXxx) Xxx

In conclusion, the spatial distribution of the dynamic response
revealed stress-strain concentrations likely occurring in the
FACWL near the structural joints of the BS. This region is a vulner-
able area susceptible to damage over its service life; therefore, it
must be prioritized in structural design to mitigate potential risks.

4.1.3. Selection of dynamic response parameters

The distribution indicates that when train loads are applied to
the base plate end, the highest dynamic responses are observed
in the bed FACWL and the adjacent graded gravel layer near the
structural joints. Within the bed FACWL, fatigue cracking emerges
as the primary potential damage under train loads. Drawing on
highway asphalt pavement design principles, the longitudinal
bending/tensile strain at the bottom layer was used as the main
control index, whereas vertical displacement at the top reflected
overall subgrade stiffness. In the graded gravel layer, vertical com-
pressive stress (strain) on the top surface dictates permanent
deformation owing to modulus differences with asphalt concrete.
The locations of the dynamic response indicators are shown in
Fig. 8.

4.2. Influence factors of dynamic response

To clarify the mechanical properties of FACWL, the study inves-
tigated the effects of axle load (140 kN), speed (350 km-h™'),
FACWL thickness (10 cm), temperature (20 °C), and graded gravel
modulus (220 MPa) on SS dynamics. Sensitivity analysis was per-
formed by individually varying each parameter under standard
operating conditions.

4.2.1. Vehicle axle weight

Currently, China railway high-speed (CRH) trains operate on bal-
lastless rail lines in China, with bogie axle weights typically ranging
from 14 to 18 t. In anticipation of potential increases in train axle
loads for future passenger transportation, the axle load range was
expanded to five levels: 100, 140, 180, 220, and 260 kN. This study
examined the impact of train axle load on the dynamic response
parameters of the bed surface, as displayed in Fig. 9.

The Fig. 9(a) demonstrates that train axle load significantly
influences each dynamic response indicator of the SS, with a linear
increase corresponding to the axle load. Specifically, for each addi-
tional 1 t axle weight, the SS dynamic responses are as follows:
0.028 mm vertical displacement of the FACWL, 1.7 pe maximum

Strain

7.008 x10¢

2.056 x 10

—2.896x10°
—7.848x10°
—-1.280% 10
-1.775%x10°
—2.270x10°
—2.766 % 105
-3.261%x10°°
-3.756x 10
—4.251%x10°
—4.746%x10°°
-5.241%x10°°

Strain
2.396 x 10°
2127 % 105
1.859 % 10-°
1.590x 10-°
1.322x10"°
1.053x10°°
7.846%10°
5.160x 10°
2474 x10°
-2.113x 1077
—2.897%x10°
-5.583x10°
-8.268 x 10-°

Fig. 4. Strain clouds at the bottom of FACWL. (a) Transverse strain, (b) longitudinal strain.
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Fig. 6. Longitudinal distribution of dynamic response of FACWL. (a) Vertical stress at the surface, (b) longitudinal strain on the bottom of the surface layer.

tensile strain at the FACWL base, 1.06 kPa vertical stress, and
4.32 pe vertical strain in the graded gravel layer. When the train
axle load increases from 140 to 180 kN, each dynamic response
indicator of the SS rises by approximately 27%.

According to China’s high-speed railway design code, dynamic
stresses on the SS are influenced by train speed, axle load, vehicle
dynamics, track structure, track irregularities, and subgrade condi-
tions. Train axle load and speed have the most significant effects.
The empirical equation (Eq. (1)), applicable for calculating the
amplitude of dynamic stress (g4) on the SS, is as follows:

0d1=k><P><(1+OCI}) (1)

where the coefficient is denoted as k = 0.26. o is an empirical con-
stant that varies with speed and takes the value 0.003 when the
speed ranges from 300-350 km-h~! and 0.004 across 200-250 km-
h~'. P (kN) represents the static axle load on the train, » (km-h™!) is
the train speed, while 1 + a» represents the impact coefficient, and
the maximum impact coefficient for passenger railways is 1.9.
The vertical stress results depicted in Fig. 9(b) were
regressed using the aforementioned equation. Eq. (2) provides an
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Fig. 7. Longitudinal distribution of the dynamic response of the graded gravel layer in the subgrade. (a) Surface vertical displacement, (b) surface vertical stress and strain.
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Fig. 9. Effect of train axle load on the dynamic response of the SS. (a) FACWL, (b) graded gravel layer.

approximate formulation of the vertical tension at the top of the
graded gravel SS layer under various axial loads at 350 km-h™!:

0q = 0.0556 x P x (1 +av) (2)

The attenuation curve of vertical dynamic stress with depth in
the subgrade under various axial pressures is illustrated in
Fig. 10. The top surface of the graded gravel layer serves as the ref-
erence depth. As the axle load increased, the vertical strains at each
subgrade depth also increased. Between 0 and 2 m, vertical stress
degradation was most pronounced. Below 2 m, vertical tension did
not vary significantly.

The attenuation curve of dynamic stress in the roadbed can be
approximated using Eq. (3):

z

“a+b-z 3)

n=1

where # represents the attenuation coefficient of dynamic stress,
defined as the ratio of the dynamic stress at a specific depth to
the dynamic stress at the surface, z represents the soil depth in
the subgrade, and a and b are curve-fitting coefficients.

The fitting results of the attenuation curves for different axle
loads are summarized in Table 4. The analysis revealed that axle
load did not influence the coefficient of the attenuation curve, indi-
cating that variations in axle load did not influence the dynamic
stress trend in the attenuation trend of the subgrade.

4.2.2. Vehicle speed

All new Chinese high-speed rail lines operate at design speeds
exceeding 250 km-h~! and upgraded existing lines operate above
200 km-h~'. This section investigates the impact of train speeds
(200-400 km-h™') on track surface dynamics using data from


move_t0020

G. Xu, Y. Wu, W. Huang et al.

Vertical stress (kPa)
15 20 25 30 35

- »
1F
g2
=
a
a
3 -
—a— 100 kN
—e— 140 kN
4t —&— 180 kN
v— 220 kN
4— 260 kN
5

Fig. 10. Distribution of dynamic stress along depth in subgrade under different
train axle loads.

Table 4
Fitting results of dynamic stress attenuation curves of subgrade under different axial
loads.

Axle load (kN) Curve-fitting Coefficient of determination

coefficient

a b R?
100 0.899 1.061 0.9926
140 0.915 1.058 0.9931
180 0.886 1.06 0.9928
220 0.887 1.066 0.9925
260 0.884 1.067 0.9919

Fig. 11. Increasing the speed from 200 to 400 km-h~" led to a 1.3%
increase in FACWL base vertical displacement and 2.4% increase in
longitudinal tensile strain (Fig. 11(a)). By contrast, the vertical
stress and strain of the graded gravel layer increased by 4.9% and
5.6%, respectively. Subgrade surface dynamics showed minimal
sensitivity to speed changes. The viscoelastic properties of FACWL
reduce the impact of speed compared with gravel layers. Fig. 11(b)
shows the vertical stress variations derived from Eq. (3), which cor-
respond with the simulation results.

Fig. 12(a) presents the time-history curves for longitudinal
strain at the FACWL base for various train speeds. Evidently, the
peak longitudinal strain response from each wheel load was not
significantly pronounced, suggesting that individual bogies pri-
marily controlled the peak longitudinal strain of FACWL.
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To elucidate the frequency response characteristics of the
FACWL under the stress of moving trains, the longitudinal strain
time-history curve was subjected to a rapid Fourier transforma-
tion. The resulting spectral curves are presented in Fig. 12(b). The
spectrum reveals four characteristic peaks within the 0-20 Hz
range. Notably, the second peak exhibited the highest strain ampli-
tude, predominantly governing the longitudinal strain response.
The characteristic frequency were determined using Eq. (4).

f=1 (4)

where f (Hz) is the peak response frequency, L (m) is the distur-
bance wavelength.

As illustrated in Table 5, the peak frequency of the longitudinal
strain response increases with train speed, whereas the character-
istic wavelength remains approximately 17 m. This 17 m wave-
length corresponds to the fixed distance between the two bogies
of a single carriage in the vehicle model, as detailed in Table 5.

Bodin et al. [40] introduced the concept of “equivalent modu-
lus” in asphalt pavement design, substituting viscoelastic FACWL
with an equally thick linear elastic layer to match the peak strain
at the base of the structural layer. This modulus depends on the
speed and temperature conditions of the structural layer, enabling
the viscoelastic dynamics to be transformed into elastic responses.
In practice, the dynamic modulus at 20 °C and 10 Hz is typically
used as the material input for elastic layered systems. Similarly,
determining the frequency-specific dynamic modulus enables its
use as a material parameter in elastic models for the structural
design of subgrade FACWLs.

The peak values in the longitudinal stress and strain time-history
curves at the bottom are utilized to determine the dynamic response
modulus of the FACWL of subgrade at various train speeds. Referenc-
ing the primary dynamic modulus curve at 20 °C facilitates the cal-
culation of dynamic modulus values for various peak frequencies. A
comparative analysis was conducted between the dynamic response
modulus calculated at different vehicle speeds and actual dynamic
modulus measurements in Fig. 13. The dynamic response modulus
derived from the FACWL subgrade responses matched the dynamic
modulus test results across all speeds. Therefore, the dynamic mod-
ulus corresponding to the peak frequency at each train speed serves
as the equivalent modulus for the FACWL subgrade.

Fig. 13 shows that the dynamic modulus at a peak frequency of
5.56 Hz and train speed of 350 km-h~! is 3413.4 MPa, which is used
as the elastic modulus of FACWL in FE modeling. Fig. 14 compares
these results with those from the viscoelastic model, demonstrat-
ing a strong correlation in the dynamic response time-history
curves of SS layer when using elastic parameters under specific
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Fig. 11. Influence of train speed on dynamic response of track bed surface layer. (a) FACWL, (b) graded gravel layer.
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Fig. 12. Time-frequency curves of longitudinal strain of FACWL at different train speeds. (a) Time-history curve, (b) frequency domain spectrum.

Table 5
Peak frequency and characteristic wavelength of longitudinal strain response at
different train speed.

Velocity (km-h™1) Peak frequency Characteristic wavelength

200 3.05 18.20
250 3.91 17.78
300 4.88 17.07
350 5.56 17.48
400 6.10 18.20

conditions. Although most indicators exhibited a relative error of <
5%, the FACWL-based longitudinal stress showed slightly higher
peak value deviations. Consequently, the peak frequency dynamic
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Fig. 13. Comparison of dynamic modulus and dynamic response modulus at
different speeds.

modulus from Table 5 can be adopted as FACWL'’s elastic model
parameter at 20 °C for structural design. Regression analysis estab-
lished the relationship between peak response frequency and train
speed as expressed in Eq. (5).

f = 3%, R = 0.9880# (5)

4.2.3. Temperature of asphalt concrete

Asphalt concrete, being temperature-sensitive exhibits substan-
tial modulus variations with temperature. In this section, the tem-
perature of FACWL ranges from -30 to 40 °C. The impact of
temperature on the dynamic response of the SS layer was investi-
gated, with findings presented in Fig. 15.

Fig. 15(a) illustrates an inverse correlation between the
dynamic modulus of the asphalt mixture and temperature: As tem-
perature increases, modulus decreases, resulting in increased ver-
tical displacement and, consequently, the highest tensile strain at
the FACWL base. Specifically, when temperature increased from
30 to 40 °C, vertical displacement and maximum longitudinal ten-
sile strain at the FACWL base surged by 19.8% and 200%, respec-
tively, compared with the extreme temperature condition. This
underscores that temperature significantly influences the tensile
strain at the FACWL base. The curve in the figure mirrors the pri-
mary dynamic modulus curve, displaying an “S” shape, which indi-
cates that vertical displacement and bottom tensile strain do not
consistently vary with temperature fluctuations. By referencing
the instantaneous and long-term equilibrium moduli from the
dynamic modulus curve, the upper and lower bounds of the
dynamic response index of FACWL relative to temperature varia-
tion can be estimated. Additionally, both vertical compressive
stress and strain of the graded gravel layer increased with temper-
ature, as depicted in Fig. 15(b). Vertical strain was more sensitive
to temperature changes than vertical stress. Temperature
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variations in the FACWL were associated with modulus alterations.
Asphalt mixtures exhibiting higher modulus at identical tempera-
tures more effectively attenuate dynamic responses to train loads.
However, an excessively high modulus can result in brittle failure
under low-temperature conditions during rapid temperature
drops. The selection of FACWL materials for subgrade construction
must balance the impacts of train loads with environmental tem-
perature factors.

Fig. 16 illustrates the spectral curve of longitudinal strain in the
asphalt concrete bottom layer across various temperatures. At a
constant train speed, the peak frequency position remained consis-
tent across temperatures, although its amplitude increased with
rising temperature. This suggests that the peak frequency of
FACWL under train load is primarily dependent on train speed
and is minimally influenced by temperature. Consequently, Eq.
(5) can be employed to calculate the peak frequency of FACWL
under varying temperatures owing to train loads.

4.2.4. Combination of subgrade surface thickness

Currently, FACWL is underutilized in subgrade applications. To
ensure track elevation consistency, the SS thickness is retained
identical to conventional sections, and the ballastless track founda-
tion bed is maintained at 0.4 m. For dense asphalt mixtures, the
single-layer compaction thickness must exceed 2.5-3.0 times the
maximum nominal size of the aggregate (16 mm in this study).
This study examined asphalt mixtures with a minimum com-
paction thickness of 5 cm and varying FACWL thicknesses (5, 8,
10, 12, and 15 cm) under constant subgrade parameters. The com-
putational results are shown in Fig. 17.
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Fig. 16. Spectral curves of longitudinal strain of asphalt concrete at different
temperatures.
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Fig. 17 illustrates that as the dynamic response of the FACWL
decreases with increased layer thickness, the graded gravel layer
exhibits the opposite behavior. This occurs because a thicker
FACWL reduces the thickness of the graded gravel layer, thereby
lowering its overall rigidity. Consequently, vertical stress and
strain at the surface are intensified. Notably, the vertical displace-
ment of the FACWL and maximum tensile strain at its base
decreased by 8.0% and 8.5%, respectively, when the FACWL thick-
ness was increased from 5 to 20 cm. This suggests that increasing
FACWL thickness to mitigate dynamic responses may not be eco-
nomically viable, as it would significantly raise material costs
and require double-layer paving technology, thereby substantially
increasing construction expenses. In summary, when the total
thickness of the SS is maintained constant, the optimal FACWL
thickness should range between 5 and 10 cm.

Subsequently, a second subgrade configuration was examined
with variable total surface thickness. Only the graded gravel layer
remained constant (20 cm intermediate layer), whereas the FACWL
thickness varied. Construction practices indicate that graded gravel
should be placed in layers of 15-30 cm with compaction at each
stage. Fig. 18 demonstrates that increasing the FACWL thickness
linearly reduces the dynamic response in both layers. Additionally,
this thickness enhancement decreased the permanent deformation
of graded gravel and extended the fatigue life of asphalt concrete.

When designing the surface structure of the foundation bed,
integrating the FACWL with the graded gravel layer into a single
compacted layer can lower construction costs. To incorporate train
load impacts, the FACWL should ideally be 5-10 cm thick, whereas
the graded gravel layer should range from 15 to 30 cm. The thick-
ness combination of the concrete structure must be validated using
expected service life and fatigue equations to ensure durability and
performance.

4.3. Comparison with other ACWL structures

Currently, the SSs of Chinese high-speed railways are predomi-
nantly covered with a cement concrete waterproof layer. However,
in cold and seasonally freezing regions, this layer often experiences
cracking, breaking, chalking, and other degradations, leading to the
foundation bed and slurry softening, which compromises high-
speed railway safety. Alternatively, the ACWL structure involves
placing the asphalt waterproof layer only between the lines and
trackbed shoulders, serving primarily as a waterproofing and seal-
ing layer rather than a direct load-bearing component. By contrast,
the FACWL is applied across the entire SS, functioning as a water-
proof layer that transfers and disperses the upper load. Therefore,
these two structural systems need to be comparatively analyzed
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Fig. 17. Influence of FACWL thickness on the dynamic response index of the SS (Plan 1). (a) FACWL, (b) graded gravel layer.
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Fig. 18. Influence of FACWL thickness on the dynamic response index of the SS (Plan 2). (a) FACWL, (b) graded gravel layer.

for comprehensively assessing the impact of FACWL on both track
and subgrade structures.

In the FE model for traditional cement concrete waterproofing
layers, the SS comprised 0.4 m of graded gravel. Conversely, the
asphalt concrete waterproofing seal utilized a SS layer consisting
of 0.1 m of asphalt concrete and 0.3 m of graded gravel. Fig. 19
compares the dynamic responses of these two configurations at a
train speed of 350 km-h~'. Abbreviations used in Fig. 19 include
TS, self-compacting concrete (SCC), BS, SS, subgrade bottom (SB),
embankment (EB), maximum positive acceleration (MPA), and
maximum negative acceleration (MNA).
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Fig. 19 demonstrates that applying asphalt concrete reduces
vertical peak accelerations across the track and subgrade layers,
with the SS layer experiencing over a 30% decrease in both positive
and negative accelerations. The FACWL was more effective in mit-
igating peak acceleration on adjacent bed surfaces and BSs com-
pared with other layers. Fig. 20 displays that the room-
temperature modulus of asphalt concrete, which is ten times that
of gravel, significantly decreases vertical strain in the SS. Addition-
ally, the FACWL vertical strain exhibits notable hysteresis relative
to vertical tension, indicating that the viscous properties of asphalt
concrete dissipate kinetic energy from the superstructure as
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Fig. 19. Comparison of dynamic response peaks between track and subgrade structural layer. (a) MPA, (b) MNA, (c) vertical displacement, (d) decline in dynamic response.
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Fig. 20. Time-history curves of vertical stress and strain in the surface layer of the foundation bed. (a) Traditional ACWL, (b) FACWL.

internal energy during vibrations, thereby damping vibrations
within the track and subgrade structures.

Typically, the transition in stiffness between the upper rigid
construction and lower flexible structure is achieved by installing
a full-section asphalt concrete waterproof closure layer on top of
a high-speed railway subgrade. This layer mitigates overall vibra-
tion and vertical deformation of both the track and subgrade while
extending the fatigue life of ballastless tracks and SS layers. Com-
pared with traditional cement concrete, asphalt concrete offers
superior advantages for in-situ construction, repair, and mainte-
nance, demonstrating significant potential and value as the surface
layer for high-speed railway subgrades.

It should be noted that this study assumes a constant dynamic
modulus for the asphalt concrete. However, environmental factors,
particularly water, can significantly influence the dynamic
mechanical properties of asphalt concrete. The effect of freeze-
thaw cycles on the dynamic modulus of asphalt mixtures should
be further investigated through laboratory testing, in order to elu-
cidate the long-term evolution of the dynamic mechanical behav-
ior of asphalt concrete layers in subgrade under freeze-thaw
damage. Morover, the car body, bogie, and wheel set are all treated
as rigid bodies, with their elastic deformation during motion
neglected. The relative motion between these components is con-
strained by either elastic or rigid connections—a simplification that
significantly deviates from real-world behavior.

5. Conclusions

To accurately analyze the dynamic response of FACWL, this study
initially investigated the mechanical properties of asphalt materials
and developed a discretization method for the fractional constitutive
model. Subsequently, numerical approaches and ABAQUS user sub-
routines were implemented. Furthermore, coefficient determination
methods for the constitutive models were established via compara-
tive accuracy assessments. A validated vehicle-track coupling model
incorporating FACWL was developed using organized subroutines,
facilitating a detailed examination of adverse load positions and influ-
encing factors. Finally, FACWL was compared to conventional ACWL.
The principal findings and conclusions are as follows:

(1) The fractional-order model outperformed the generalized Max-
well and 252P1D models by fitting experimental data more accurately
with fewer parameters, accurately predicting viscoelastic behavior
trends beyond the test frequencies, and capturing full-spectrum char-
acteristics. Consequently, the model more effectively characterizes
the temperature-dependent viscoelasticity of asphalt concrete.

(2) The structural joints of the subgrade slab represented the most
critical loading points in the longitudinal direction for the dynamic

13

response of basaltic FACWL, making them prone to stress concentra-
tion. The dynamic response of the bed FACWL extended approxi-
mately 3.1 m transversely (BS width) and 10 m longitudinally.

(3) The influence of train axle weight on the dynamic response
of the roadbed surface layer was more significant and exhibited an
approximately linear relationship; however, it did not influence
the dynamic stress attenuation pattern within the roadbed. Addi-
tionally, temperature exerted a substantial impact on the dynamic
response of the roadbed surface layer, with the relationship resem-
bling the S-shaped main curve of the dynamic modulus.

(4) The longitudinal strain spectrum of the FACWL revealed four
distinct peaks, whose frequencies primarily determined the longi-
tudinal strain response. The dynamic modulus at these peak fre-
quencies served as the equivalent modulus of FACWL, enabling
approximate calculations of the elasticity model.

(5) Increasing the thickness of the asphalt concrete layer con-
tributes to a reduction in the dynamic response of the subgrade
bed surface layer. Taking into account dynamic performance crite-
ria and construction costs, the recommended thickness of the
asphalt concrete layer is 5-10 cm, while that of the graded crushed
stone layer should be 15-30 cm.

Based on the established vehicle-track-subgrade coupled finite
element model, the loading pattern of a multiple-unit train forma-
tion can be incorporated. A more accurate constitutive model may
also be adopted to better characterize the stress-strain behavior
between graded crushed stone and soil. This approach will enable
further investigation into the influence of the asphalt concrete
layer on the performance of the subgrade structure.
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