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Ground fissure is a typical geohazard widely developed in China, which brings serious
geological challenges to the construction and safe operation of the Chinese high-
speed railways. However, the dynamic response mechanism of high-speed railway
natural subgrade crossing the ground fissure zone is unclear. In this study, a new
trainload excitation equipment that can simulate moving train loads was developed.
The model test was carried out on the dynamic responses of the natural subgrade of
high-speed railway crossing ground fissure zone under moving train loads. The
results show that the ground fissure had a great influence on the acceleration
response of the subgrade across the ground fissure zone, and the average peak
acceleration value of the subgrade in the hanging wall was greater than the footwall.
Along the longitudinal direction of the railway, the dynamic Earth pressure of the
subgrade in the hanging wall was significantly greater than that in the footwall of the
ground fissure and is about 2.5 times than that in the footwall, demonstrating a
typical hanging wall amplification effect. The displacement amplitude on the
subgrade and ground surface in the hanging wall was larger than that in the
footwall of ground fissure. The attenuation rate of peak acceleration, dynamic
velocity, and displacement in the hanging wall along the depth direction was
more evident than that of the footwall of ground fissure. For the natural subgrade
of high-speed railway crossing ground fissure zone, the critical influence depth of
moving train load was about 12 m below the subgrade surface.

KEYWORDS

high-speed railway, natural foundation, subgrade, ground fissure, model test, dynamic
response

Introduction

High-speed railways play an important role in the fast connection among cities and
promote the local economy’s sustainable development (Chen and Whalley, 2012; Smith and
Zhou, 2014; Tan et al., 2016). Although the high-speed railway in China was not constructed as
early as in Japan, France, and other European countries, it has been fast developed with the
rapid economic development in China (Yin et al., 2015). By 2020, the total length of China’s
high-speed railways was larger than 38,000 km, and it passed through 95 percent of cities with
more than one million population. In 2025, the operating mileage of high-speed railways will
increase to 50,000 km (National Railway Administration of P.R.China, 2022). Behind the rapid
development of the high-speed railway in China, the planned construction meets a list of
geological disasters, especially ground fissures (Shi et al., 2016).
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FIGURE 1

Relationship between high-speed railway and ground fissures. (A) Datong to Xi'an Passenger Dedicated Line (DXPDL) in China; (B) Fenwei basin; (C) Study
area in Taiyuan basin (F1: Jiaocheng fault; F2: Longjiaying fault; F3: Qixian fault; F4: Pingyao-Taigu fault; F5: Hongshan-Fancun fault; F6: Yuci-Beitian fault; F7:

Sanquan fault; F8: Tianzhuang fault).

Ground fissures have been found in many countries around the
world. It is a rupture developed in rock or soil surface and can also be
referred to as Earth fissures or ground cracks (Peng et al.,, 2020a).
Ground fissures are surface rupture traces caused by internal and
external forces and human activities (Wang et al., 2016). Notably,
ground fissures is a discontinued structure surface with a dip angle
nearly vertical, and it is tens of meters in depth and tens of centimeters
in width (Xu et al., 2016; Peng et al., 2020b). Ground fissures in China
are widely distributed in North China Plain, the Suzhou-Wuxi-
Changzhou area, and the Fenwei basin, where ground fissure
activity is very intense (Wang et al., 2009; Wang et al., 2010; Peng
etal., 2013; Peng et al., 2016a; Zhang et al., 2016). The ground fissures
are generally controlled by a regional tension stress field and
strengthened by excessive underground water extraction (Peng
et al, 2016b; Peng et al., 2020a). Unfortunately, the construction of
high-speed railways with large grounding fissures in these areas has
been challenging (Huang et al., 2013). For example, Datong to Xi’an
Passenger Dedicated Line (DXPDL) passes through the Fenwei Basin,
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which contains five sub-basins: Datong basin, Taiyuan basin, Linfen
basin, Yuncheng basin, and Weihe basin (Peng et al., 2020b). There are
more than 510 ground fissures in the five sub-basins, and 7% intersect
the DXPDL (Howard and Zhou, 2019). Under tectonic stress and
groundwater extraction, the hanging wall and footwall of the ground
fissure often produce long-term and slow dislocation, resulting in
differential settlement on the ground surface (Peng et al, 2016b).
Additionally, this may significantly influence the dynamic response of
the high-speed railway subgrade crossing the ground fissure zone,
which causes safety concerns for the high-speed railway. To deal with
the geological disaster of ground fissure, the bridge is usually adopted
when the DXPDL crosses the ground fissure zone at a large
intersection angle. When crossing the ground fissure at a small
intersection angle, the ballasted track subgrade with easy
maintenance and low cost is adopted (Kollo et al., 2015; Bian et al,,
2018). Under the action of train vibration load, the possible influence
of different dynamic responses induced by ground fissures on the
high-speed railway subgrade crossing the ground fissure zone and
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FIGURE 2

(D) Substation enclosure cracks.

long-term settlement is directly related to the safe operation of the
high-speed railway. Therefore, it is necessary to carry out the research
on the dynamic response of high-speed railway subgrade crossing the
ground fissure zone to provide a scientific basis for the engineering
design of high-speed railway subgrade crossing ground fissures and
prevention and control of ground fissures disaster.

The dynamic response of high-speed railway track-subgrade
systems has been studied extensively (Okumura and Kuno, 1991;
Krylor, 1994; Fryba, 2013). Okumura et al. analyzed the subgrade
monitoring data through multiple regression analysis. They concluded
that the distance from the track, vehicle speed, vehicle length, and
track structure significantly affects the subgrade’s dynamic response
(Okumura and Kuno, 1991). Madshus et al. conducted field
measurements of high-speed railway foundations in soft soil and
found that vehicle speed has a significant influence on the dynamic
response of the soft soil site (Anderson and Key, 2000). Additionally,
D.P. Connolly et al. monitored the subgrade of high-speed railways.
They found that different topography impacts ground vibration,
among which the embankment earthwork profile has the lowest
vibration and the cutting earthwork profile has the highest
vibration (Connolly et al, 2014). Anderson et al. also found that
small gravel could effectively reduce track settlement through large-
scale model tests (Anderson and Key, 2000). Al Shaer et al. used model
tests to estimate the relationship between settlement and cycle load
time (Al Shaer et al., 2008). Furthermore, Momoya et al. and Ishikawa
et al. conducted fixed-point and moving-wheel loading tests and found
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Surface morphology and hazards of TY3 ground fissures in Dongguan substation. (A) Beaded pits; (B) Horizontal cracks; (C) Vertical dislocation;
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that the cumulative residual deformation of ballasted caused by
moving-wheel loading is greater than that of fixed point loading
(Momoya et al., 2005; Ishikawa et al., 2011). The previous studies
mainly focused on the dynamic response of subgrade and foundation
under train vibration load. However, there are few reports on the
dynamic response of high-speed railway subgrade crossing ground
fissure zones. Therefore, the dynamic interaction between railway
subgrade and train vibration across the ground fissure zone is unclear.
This paper takes the DXPDL crossing the ground fissure
development area in Taiyuan Basin, Shanxi Province, as the
engineering background, the dynamic response of high-speed
railway subgrade in natural foundation crossing the ground fissure
zone is studied. Specifically, we used a model test using the self-
developed mobile train load simulation device to reveal the dynamic
response law of the high-speed railway natural subgrade crossing the
ground fissure zone, including the variation law of dynamic Earth
pressure, acceleration, dynamic velocity, and dynamic displacement of
subgrade in the hanging wall and footwall of the ground fissure.
Therefore, these provide scientific guidance for constructing and safely
operating high-speed railways in ground-fissure-developed areas.

Engineering background

The DXPDL crosses the Fenwei basin, which is a Graben system
with a length of 1,200 km and a width of 30-60 km (Zhang et al., 1998)
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FIGURE 3

dimensional schematic view of model test system.

(Figure 1A). The Fenwei basin is in the north-south tensile stress and
appears S-shaped with ground fissures due to the continuous eastward
extrusion of the crustal blocks in the Qinghai-Tibet Plateau
(Figure 1B) (Yuegiao et al, 2006; Peng et al.,, 2007). As the main
component of the Fenwei basin, the Taiyuan basin is a Cenozoic rift
basin with 148 km in length, 48 km in width, and 6,200 km” in area
(Zang et al., 2021). The west and east of the Taiyuan basin are Luliang
Mountain and Taihang Mountain, respectively (Figure 1C) (Li et al.,
2015). The Cenozoic sediments in the Taiyuan basin are mainly silty
clay layers containing medium sand layers. Furthermore, the thickness
of the sediment is generally 1,000-2,000 m, providing source
conditions for the development of ground fissures (Peng et al,
2017; Peng et al, 2018). The Taiyuan basin is controlled by NW-
SE direction tensile stress, and the active faults are mainly in the NE
direction (Peng et al., 2020a). There are 107 ground fissures developed
along the active fault zones, which are mainly distributed among the
three active faults zones: Qingxu-Jiaocheng-Wenshui active faults
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Schematic diagram of the DXPDL subgrade crossing TY3 ground fissure. (A) Three-dimensional view; (B) Overhead view; (C) Lateral view; (D) Three-
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zone (F1), Taigu-Qixian active faults zone (F3) and Pingyao active
faults zone (F4) (Figure 1C) (Jia et al., 2020). Among them, 21 ground
fissures pass through the DXPDL at angles of 15°-90° (Peng et al,,
2019).

The DXPDL starts from Datong, Shanxi Province, in the north. It
ends in Xi’an, Shaanxi Province, in the south, with a total length of
859 km (Figure 1B). The DXPDL crosses many ground fissure
development areas, among which the TY3 ground fissure site in
Dongguan substation is located about 1.2km southwest of
Zhangjiapu, Qixian County, Taiyuan City. North of Dongguan
substation (Peng et al., 2017) (Figure 1C). The TY3 ground fissure
are exposed on the surface and are distributed in strips or beaded pits,
with the largest pit diameter of 1.2 m (Figure 2A), which is dominated
by vertical dislocations and also horizontal tensioning. The maximum
width of the ground fissure is 1m (Figure 2B), and the ground
dislocation is about 45 cm (Figure 2C), which leads to the cracking
of the wall of the Dongguan substation (Figure 2D). Notably, the
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Model test device. (A) new experimental facility; (B) excitation device; (C) measured data.

TABLE 1 Parameter scaling factors for the model test.

Parameter Relation Scaling factors Parameter Relation Scaling factors
Length | C 20 Density p C, 1
Velocity v C,=C %Cg 3 4.47 Displacement D Cp=GC 1
Acceleration a Co=Cy 1 Force F Cr = C?CPCB 8000
Stress o C, =CIC,Cy 20 Cohesion ¢ C. =CC,Cy 20
Stain & C.=Cy 1 Frequency f C, = C[—% Cg% 0.224

ground fissure activity time is about 10 years. According to the
deformation of expressway pavement and the ground fissure
activity time, the vertical activity rate of TY3 ground fissure is
estimated to be 3-4 cm per year (Peng et al., 2019).

The strike of the TY3 ground fissure is 73°, the inclination is 163", the
dip angle is 80°, the length of the TY3 ground fissure is about 10.2 km, and
it intersects with the high-speed railway subgrade at a small angle. The
stratum of the ground fissure site is composed of silty soil, silty sand
interbedded, silty clay, and silty soil interbedded, and the maximum water
level difference between the hanging wall and footwall is about 17 m
(Figure 1C) (Peng et al., 2018). To cope with the adverse effects of ground
fissure activity on high-speed railways, a subgrade is adopted to cross the
ground fissure zone (Figures 3A-C). Taking the subgrade of the DXPDL
crossing the ground fissure zone as the engineering background, this
paper analyzes the dynamic Earth pressure, acceleration and dynamic
displacement variation law of the high-speed railway subgrade crossing
the ground fissure zone through physical model tests. Therefore, we do so

Frontiers in Earth Science

to reveal the influence mechanism of the ground fissure zone on the
dynamic response of the high-speed railway subgrade.

Physical simulation experiments
Experimental facility

To study the dynamic response of high-speed railway subgrade
crossing the ground fissure zone, this paper independently developed a
new model test system (Figures 3D, 4A). The model test system
includes a model box, train movement simulator, in which the size
of the model box are 8.0 m x 2.5m x 1.5 m (LxWxH), one side is
installed with transparent tempered glass, the other side is steel plate,
and 10 cm polystyrene foam plate is laid on the inner wall of the model
box to eliminate the influence of model boundary effect. The model
test system can simulate the dynamic response of the high-speed
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FIGURE 5
Process of model making. (A) compacting the foundation soil; (B) filling sand in fissure; (C) model side view; (D) model sleeper arrangement.
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FIGURE 6
Site filling soil quality control. (A) sampling results of foundation soil; (B) particle distribution curves of graded gravel.

TABLE 2 Parameters of the stratum section.

Layer name Thickness (m) Density Elasticity Poisson Cohesion The angle of internal
(kN/m?) modulus (MPa) ratio (kPa) friction ()
Field site | Silty soil 10 18.0 21 0.3 16.4 285
Silty clay 20 19.8 40 0.3 23.75 17
Model  Silty soil 05 18.0 1.05 03 0.82 285
Silty clay 1 19.8 2 0.3 1.19 17

Frontiers in Earth Science 06 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1113718

Wang et al. 10.3389/feart.2023.1113718
A 1.Ballast @® Larth pressure cell (P)
2.Surface layer of subgrade bed == Acceleration sensor (A)
3.Bottom layer of subgrade bed A Displacement meter (D)
4.Embankment
| 0.9m | 0.9m | 0.6m | 0.6m | 0.6m | 0.9m | 0.9m | 0.3m
_ n n n n n n n n n n n n n n n n n n n n _
0.15m 0.15m
— P/A/D)1- P/A/D)1- P/A/D)1- P/A/D)1- P/A/D)1- P/A/D)1- P/A/D)1- P/A/D)1- < Line1(0.15m)
0.19m 0.1_9m
~ P/A/D)2- P/A/D)2-2 P/A/D)2-3GA(P/A/D)2-AR8(P/A/D)2- S8 (P/A/D)2- P/A/D)2- P/A/D)2-8] 7 Line2(0.34m)
0.3m
P/A)3- P/A)3-2 P/A)3- P/A)3- P/A)3-5 P/A)3- P/A)3- P/A)3- +— Line 3 (0.64m)
3%0.3 0.3m
P/A)4- P/A)4- +—Line 4 (0.94m)
0.3m
—I 5- 5- 5- P/A)S- P/A)S- 5- 5- 5-. ——Line 5(1.24m)
0.6m 0.6m
- Rail -
Sleeper 15cm 15cm
B Ballast C
Surface layer JIL
of subgrade bed = = ——3.5cm —3.5cm
Bottom layer == D1-1~D1-8 11.5cm D1-1=D1-4 11.5cm
of subgrade bed 1-Do.g b _1-D2-8 I
Embankment D2-1~D2-8 1 19¢m (P/A)2-9 D2-1~D2-8 19¢m
0.5m P/A)3-5 0.5m
1m Im
| T45m | | T45m |
[ 25m | [ 2.5m |
FIGURE 7
Schematic diagram of measuring points section in Model test. (A) Longitudinal section view; (B) Horizontal section in the hanging wall (Line 6);
(C) Horizontal section in the footwall (Line 7).

TABLE 3 Technical parameters of the CRH380A passenger train.

Wheel
spacing (mm)

Static wheel
load (kN)

Train type

Axle per
carriage

weigh (ton)

Axle Axle

spacing (mm)

Vehicle
length (mm)

Vehicle
spacing (mm)

CRH380A 1,435 600

15 2,500 25,000 14,825

TABLE 4 Design condition of the model test.

Model
speed
(m/s)

Train excitation
frequency f; (Hz)

Train speed Dynamic axle

load P, (kN)

v (km/h)

force Pg (kN)

Eccentric block Test element

weight m, (kg)

Model excitation
frequency f; (Hz)

Exciting

250 2.778 1,200 0.4

railway subgrade crossing the ground fissure zone under different train
speeds and intersection angles between the high-speed railway line and
the ground fissure.

The train load simulation excitation system includes two motors,
mass blocks, controllers, and tracks (Figure 4). One motor is a traction
motor, which is connected to the crawler through gears (Figure 4B).

Frontiers in Earth Science 07

150 12.4 0.48 Stress/

acceleration/
displacement

The other motor is an eccentric motor with counterweight, which is
used to output the excitation simulating the train load on the track.
Different running speeds of high-speed trains are simulated by
changing the excitation frequency and the weight of eccentric
blocks. Furthermore, the traction motor and the eccentric motor
are hinged to avoid the impact of vibration on the traction motor.
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FIGURE 8

Acceleration-time curves and Fourier spectrum of acceleration in subgrade (A—H) and in foundation soil (I-P).

Physical model and testing content

Physical model

The subgrade model is composed of silty clay, silty soil,
embankment, a bottom layer of subgrade bed, a surface layer of
subgrade bed, ballast, sleeper, and railway from bottom to top, as
shown in Figure 3B. The model is designed. with a geometry similarity
constant of C;=20. The similarity constants of other physical quantities
are determined according to the similarity theory, as shown in Table 1.
In this model test, foundation soil is simulated by loess. The
foundation soil materials are proportionally configured and mixed
in the model-making process. We put 15 cm of soil on each layer, then
flattened and compacted the loose soil to 10 cm (Figure 5A). After
each layer of soil filling, the top surface should be rough to ensure that
filling the next layer is in good contact. To ensure the quality of each
layer of filling soil, the cutting ring method was used to test the density
of the foundation soil after compacting. The hanging wall and footwall
sampled three or four samples in each layer, and the test results are
shown in Figure 6A, and the physical and mechanical parameters of
the foundation soil are shown in Table 2.

Ground fissure is simulated by sand to highlight the differential
settlement of the hanging wall and footwall. When making the model,
a board with a width of 3.5 cm and a dip angle of 80° is preset in the
middle of the model box before the foundation soil is filled.
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Foundation soil is filled and compacted on both sides of the board,
and then sand is filled in the gap after pulling out the board to simulate
the ground fissure (Figure 5B). A layer of soil is compacted, then filling
a layer of ground fissure with sand. Finally, the ground fissure and
filling soil are performed alternately until the soil is filled to the top
surface (Figure 5C).

The surface layer of subgrade bed and the bottom layer of subgrade
bed is filled with graded gravel. The method of compaction factor K
and soil coefficient K3, is used to control the filling quality of graded
gravel, and the slope ratio of the subgrade is 1:1.5 (Administration,
2014). Compaction coefficient K is the ratio of the dry density achieved
by compaction to the maximum density obtained from the
compaction test(Administration, 2014). Kjo plate load test is a
method which we take to work out the foundation coefficient by
using a diameter of 30 cm of rigid bearing plate through applying
vertical load and the determination of vertical deformation value of the
soil under load per level, then according to the test data load intensity
subsidence relation (o0,s) curve and the subsidence value of
1.25 mm(Administration, 2004). In the test, the compaction
coefficient K >0.92, K;,>130Mpa/m. Considering the effective
compaction in site, the slope of each graded gravel layer is set as 4°
at the center line of the section. Furthermore, the subgrade gravel is
laid 10 cm at each layer. The curve of graded gravel is shown in
Figure 6B.
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TABLE 5 Peak acceleration of measuring point in subgrade and foundation soil.
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Location Measuring point Peak acceleration (m/s?)
Subgrade Hanging wall Al-1 5.409
Al-2 5.518
Footwall Al-5 2.723
Al-6 6.310
Foundation soil Hanging wall A5-2 1.063
A5-4 0.863
Footwall A5-5 0.108
A5-7 0.876
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FIGURE 9
(A) Earth pressure measuring points inside the model; (B) Variation of the dynamic Earth pressure.

The model sleeper is simulated using cement. The uniaxial
compressive strength of the model sleeper is 1.3 MPa, the elastic
modulus is 0.16 GPa, and the density is 20.80 kg/m®. The sleeper is
embedded with M12 bolts, and the rail is fixed in the sleeper with
Q235 fastening (Figure 5D). The rail is simulated by a light rail whose
density is 6 kg/m’. In laying the model sleeper and tracks, each model
sleeper spacing is 30 cm, and the two rails are spaced at 15 cm.

Sensor arrangement

The test contents in the model test mainly include the
acceleration response, dynamic Earth pressure, and dynamic
displacement in the and foundation. The
monitoring instruments used in the model test are DH5921
(44 channel) and DH5922D (64 channel) dynamic signal test
system, CT-20 displacement meters, and CT-186 acceleration
sensors. Model measuring points are shown in Figure 7. Similar
to the acceleration measuring lines, three dynamic Earth pressure

embankment

measuring lines are set along the railway direction, located inside
the subgrade (P1-1~P1-8), at the top of silty soil (P2-1~P2-8), and
in silty soil (P3-1~P3-8). To measure dynamic response near the
ground fissure with depth in more detail, measuring points A4-1,
A4-2, P4-1, P4-2, P5-1, and P5-2 are set near the ground fissure

Frontiers in Earth Science

(Figure 7A). (P/A) means both earth pressure and acceleration are
measured at this point. The displacement meter D1-1~D1-8 is
arranged on the subgrade surface and ground surface (D2-1~D2-8)
(Figures 7B, C). To facilitate analysis and discussion of the results,
the measuring points were divided into 5 groups in the longitudinal
direction, from up to down, as Line 1~Line 5. We then set two
measuring lines along the horizontal direction: Line 6 in the
hanging wall and Line 7 in the footwall.

Experimental program

The model test simulated the excitation load caused by the
CRH380A passenger carriage (speed 250 km/h, axle weight 15t) on
the rail. The CRH380A passenger carriage parameters are shown in
Table 3. When the model device moves at a constant speed, the output
excitation on the rail is a sine wave, which is consistent with the real
site loading pulse on the rail (Ishikawa et al., 2011). In fact, the train
frequency f; is affected by the spacing between loading spacing I; and
the train speed v (Eq. 1) (Al Shaer et al., 2008). Regardless of the wheel
axle spacing, a pair of wheel axles in one bogie are simplified as one
excitation load, and a carriage 25 m long will apply an excitation load
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Schematic diagram of dynamic amplification effect of ground fissure zone

twice to the sleeper. The excitation frequency generated by two bogies
at the front and the back in one carriage is regarded as the main
frequency, and the excitation frequency generated by two adjacent
bogies near the carriage connection is ignored (Shaer, 2005). In this
paper, the [; is 25 m.

Table 4 lists the excitation frequency of a high-speed railway train
at the design speed of 250 km/h. The prototype train speed is
120-350 km/h, and the model train excitation frequency f/ was
calculated according to Eq. 1. Notably, the model train excitation
frequency multiplied by model frequency similarity coefficient C, is
equal to the model excitation frequency.

fi= VT (1)
where v; is the train speed (m/s), [ is the train loading spacing (m).

In engineering practice, the train passenger carriage dynamic axle
load P, is calculated according to Eq. 2 (Priest and Powrie, 2009), and
the calculated results are shown in Table 4.

Py =P (1+av) (2)

where P; is the wheel static load (kN) and « is the speed amplification
factor (generally 0.004).

The weight of the eccentric block is calculated according to the
excitation load peak value P, of the model (Eq. 3) (Powrie et al., 2007).

A3)

Pg = myr,w’ sin (wt + ¢)

where Py is the exciting force of simulated train in model test, 11, is the
eccentric block weight (kg), . is the eccentric radius (m) of the
eccentric block, w is the angular velocity of the speed increaser,
w=2nf (rad/s), ¢ is the initial phase angle.

This model test was based on a train speed of 250 km/h. To ensure
the test’s safety, the simulated train’s vibration exciter speed is set as
0.4 m/s. The dynamic Earth pressure, acceleration in the subgrade, and
displacement on the subgrade surface were recorded when the model
device moved from the hanging wall to the footwall. The design
conditions of this model test are shown in Table 4.

Frontiers in Earth Science

10

Results analysis
Acceleration response

Acceleration response of subgrade

To study the frequency distribution of vibration response caused
by the train load, the frequency compositions of vibration signal were
obtained from the time-history curve acquired from the test by fast
Fourier transform (Eq. 4). The conversion results are shown in
Figure 8.

+oof (t)e (,jwt) dt

—00

Fa) = | @)
where w is the frequency, F (w) is the spectrum function, f (¢) is the
non-periodic function, t is the time and e/“ represents the
frequency signal with the frequency of w.

Figures 8 A—H are the acceleration-time curves and Fourier spectrum
of the measuring points inside the subgrade (Linel in Figure 7A).
According to the measured acceleration-time curve, the peak
acceleration of each measuring point inside the subgrade was
obtained, which is about 2.723 m/s’~6.31 m/s* (Table 5). The peak
acceleration in the subgrade decreases obviously at the footwall side of
the ground fissure, and the average peak acceleration value in the subgrade
in the hanging wall is higher than that in the footwall. According to the
result of the Fourier spectrum, the main frequency of acceleration
distributed is in the 1-60Hz frequency band, and the peak frequency
of measuring points near the ground fissure is mainly concentrated near
40Hz. Notably, the peak frequency at both sides of the ground fissure was
mainly concentrated between 20Hz-30Hz. Due to the existence of the
ground fissures, boundary interfaces occur inside the subgrade, which
results in the reflection and superposition of vibration waves at the ground
fissures. The amplification effect is represented in the hanging wall.

Acceleration response of foundation soil

Figures 81-P are the acceleration-time curves and Fourier spectrum of
the silty clay at the bottom of the foundation (Line 5 in Figure 7A). Table 5
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Dynamic displacement-time curves on subgrade surface ((A-D) in the Hanging wall, (E,F) in the Footwall) and on ground surface ((G-J) in the Hanging

wall, (K=N) in the Footwall)

shows the peak acceleration inside the foundation, and its range is 0.108 m/
§*~1.063 m/s’, which is significantly reduced compared with the maximum
peak acceleration inside the subgrade. Under the action of train vibration
load, the changing trend of the peak acceleration in the foundation was the
same as that inside the subgrade: the average peak acceleration of the upper
disk was greater than the average peak acceleration of the lower disk. From
the Fourier spectrum, the acceleration vibration energy is concentrated
around 20-30Hz, the same as the frequency distribution inside the
subgrade. The peak acceleration difference of each measuring point in
the same soil layer in the foundation was small, and the dynamic response
difference between the ground fissure’s hanging wall and footwall
decreased with an increase in depth.

Dynamic Earth pressure response

Figure 9 shows the variation of the dynamic Earth pressure along
the railway direction at the bottom of the subgrade bed and silty soil in
the foundation under the moving train load. According to the variation
of dynamic Earth pressure, it was evident that the dynamic Earth
pressure fluctuates near the ground fissure. The ground fissure
significantly influenced the dynamic Earth pressure inside the
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subgrade. Inside the subgrade (Linel in Figure 9A), there was a
prominent wave peak of dynamic Earth pressure near the ground
fissure. The maximum value of dynamic Earth pressure in the
hanging wall was more significant than that in the footwall (about
2.5 times), indicating that the existence of ground fissure has a typical
amplification effect on dynamic Earth pressure of subgrade crossing
ground fissure, especially in the side of the hanging wall close to the
ground fissure. Compared with the subgrade, the dynamic Earth
pressure in the foundation (Line 2 in Figure 9A) was significantly
smaller, decreased considerably with the increase of the depth, and was
almost unaffected by the existence of ground fissures when reaching a
certain depth. This indicates that the dynamic Earth pressure response
of the subgrade and foundation under the action of train vibration load
has a significant attenuation, regardless of the existence of ground
fissures. Meanwhile, the reason for fluctuating phenomena of dynamic
Earth pressure along the longitudinal direction of the railway is mainly
that the ground fissure, as a kind of inclined discontinuous geological
interface, rebounds the wave generated by the moving train load (Ditzel
and Herman, 2004; Ekevid et al,, 2006), resulting in the differential
dynamic Earth pressure between the hanging wall and footwall.

The dynamic amplification effect is related to the uneven
settlement of subgrade (He et al.,, 2018). Inadequate compaction
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TABLE 6 Peak displacement of measuring point on subgrade surface.
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Location Measuring point Peak displacement (mm)
Subgrade surface Hanging wall Di-1 0.1159
D1-2 0.1891
D1-3 0.1728
D1-4 0.1291
Footwall D1-5 0.1496
D1-6 0.1378
Ground surface Hanging wall D2-1 0.0877
D2-2 0.1198
D2-3 0.109
D2-4 0.1081
Footwall D2-5 0.0877
D2-6 0.0805
D2-7 0.1137
D2-8 0.0742
DI-1~D1-6 Distance (m)
— 1 2 4 5 6 7
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FIGURE 12
(A) Displacement measuring points of the model; (B) Peak of displacement along the transverse.

of transition zone will cause the dynamic stress amplification on the
subgrade surface in this area and then lead to the uneven settlement
of subgrade. The uneven settlement of subgrade amplifies the
dynamic wheel load in this region, and the amplified impact
force exacerbates the uneven settling which eventually caused
vicious circle (Shan et al, 2013). The dynamic amplification
effect caused by track degradation under single sleeper of ballast
track is more obvious than that of ballastless track (Shahraki et al.,
2015). For the ballast track-subgrade crossing ground fissure zone,
the superposition and amplification effect of the vibration wave
may be produced in the ground fissure surface (Figure 10). Long-
term dynamic wheel load will lead to subgrade degradation in the
transition zone and further aggravate the dynamic amplification
effect in the transition zone.

Dynamic displacement response

Figures 11A-F shows the displacement-time curves of the
measuring points on the subgrade surface, in which the D1-1~DI-
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4 are in the hanging wall, and the D1-5 and D1-6 are in the footwall of
the ground fissure (Figure 7). The peak displacement of each
measuring point on the subgrade surface was obtained, which was
concentrated about 0.116-0.189 mm, as shown in Table 6. The
dynamic displacement fluctuated in the hanging wall (Figures
11A-D red dotted box) and gradually decreased toward the surface
of the subgrade bed near the ground fissure.

Figures 11G-N shows the displacement-time curves of measuring
points on the ground surface. The peak displacement of each measuring
point on the ground surface is shown in Table 6, concentrated in
0.074-0.112 mm. Compared with the subgrade surface, the peak
displacement of the ground surface is smaller. The reason can be
attributed to two aspects: on the one hand, the graded gravel in the
embankment was looser than the ground surface soil. On the other hand,
the distance between the ground surface and the moving train load was
further than the surface layer of the subgrade bed. In addition, the
displacement fluctuation in the hanging wall was slightly larger than
that in the footwall of the ground fissure.

Figure 12 shows the variation of peak displacement on the
surface layer of the subgrade bed and ground surface. It can be
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observed that the peak displacement on the subgrade surface was
greater than the ground surface. Notably, the subgrade surface was
0.116-0.189 mm, and the ground surface was 0.081-0.120 mm.
Meanwhile, the peak displacement in the hanging wall was
greater than that in the footwall on the subgrade surface, which
decreased by 16%-37% from the subgrade surface to the ground
surface in the hanging wall and decreased by 27%-42% in the
footwall. Whether the subgrade surface or the foundation surface,
the transverse dynamic displacement generally does not change
much, especially the foundation surface, which
the transverse influence of train vibration load on the
subgrade and foundation across the ground fissure zone is
relatively small.

indicates
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dynamic Earth pressure with depth.

Dynamic response along the depth direction

Acceleration, dynamic velocity, and dynamic
displacement

According to the acceleration-time curves of silty soil (stratum 2)
and silty clay (stratum 3) inside the foundation (Line 6 and Line 7), the
curves of foundation peak acceleration in the hanging wall and
footwall of the ground fissure along the depth were drawn
(Figure 13B). Figures 13C, D show the curves of dynamic velocity
and dynamic displacement along the depth obtained from acceleration
through the SeismoSignal software. The velocity and displacement of a
signal can be obtained by directly integrating the acceleration signal in
time domain using the following definition.
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v(t) J;a (t)dt +v(0) (5)

t
x(t) = j v(t)dt + x(0) (6)
0
where v(t) = the velocity signal in time domain, v(0) = initial velocity,
a(t) = acceleration signal in time domain, x(f) = the displacement
signal in time domain and x(0) = initial displacement.

It can be seen that acceleration, dynamic velocity, and dynamic
displacement decreased from the subgrade surface along the depth
direction, and the decrease rate in the hanging wall (blue dotted line)
was far greater than the footwall (red dotted line). Additionally, in the
hanging wall the acceleration, dynamic velocity, and dynamic
displacement from the foundation surface to silty soil decreased by
12%-13%, and at the interface of silty soil and silty clay decreased by
50%-60%. In contrast, the dynamic response of the footwall only
decreased at the interface of the soil layer. Furthermore, silty soil
influences the range of the moving train load, corresponding to the
depth in the prototype 12 m below the subgrade surface. Under the action
of train vibration load, the critical influence depth of subgrade dynamic
response across the ground fissure zone was about 12 m, which was
greater than this depth and was not affected by train vibration load.

Dynamic Earth pressure

Figure 14 shows the variation of the peak dynamic Earth pressure
inside the subgrade and foundation along the depth direction when
the train vibration load moves from the hanging wall to the footwall
(Line 6 and Line 7). It can be seen that most attenuation of dynamic
Earth pressure occured inside the subgrade. Due to the influence of the
ground fissure, the dynamic Earth pressure inside the subgrade of the
hanging wall was higher than the footwall. In vertical direction, the
dynamic Earth pressure of the hanging wall and footwall decreased by
86% and 82%, respectively. Inside the silty soil, the dynamic Earth
pressure in the hanging wall from the surface to the inside decreased
by 84%, while the footwall decreased by 51%. Meanwhile, the extent of
the decrease in the hanging wall (line 6) was greater than the footwall
(line 7). The dynamic Earth pressure in the foundation of the hanging
wall or footwall is stable below 0.3 m (corresponding to the prototype
6.0 m), indicating the significant influence depth of train vibration
load on the dynamic Earth pressure in the ground fissure site is about
6.0 m in practice. Furthermore, it demonstrates that the critical
influence depth of train vibration load on dynamic Earth pressure
is smaller than that on dynamic acceleration (12.0 m).

Conclusion

Based on the independent development moving train load
simulation system, the physical model test with a geometric scale
of 1:20 of high-speed railway subgrade crossing the ground fissures
zone was carried out. The dynamic response of Earth pressure,
acceleration, velocity, and displacement of subgrade crossing
ground fissure zone were analyzed. Notably, the following

conclusions were drawn:

(1) Under the moving train load, the ground fissure has a great
influence on the acceleration response of the subgrade across
the ground fissure zone and the average peak acceleration value in
the subgrade and foundation in the hanging wall was greater than
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that of the footwall. The peak frequency of measuring points near
the ground fissure inside the subgrade was mainly concentrated at
40Hz, and 20Hz inside the foundation.

The ground fissure influenced the dynamic Earth pressure inside
the subgrade, especially in the embankment. The peak of dynamic
Earth pressure inside the subgrade of the hanging wall is about
2.5 times that of the footwall. The dynamic Earth pressure in the
silty soil of the foundation was significantly less than the subgrade,
and the differential was weakened near the ground fissure,
indicating that the ballasted track subgrade has a weakening
effect on the dynamic Earth pressure of the hanging wall and
footwall near the ground fissure.

(3) The attenuation rate of peak acceleration, dynamic velocity, and
displacement in the hanging wall along the depth direction was
greater than the footwall. At the interface of different soil layers, the
hanging wall’s peak acceleration, dynamic velocity, and dynamic
displacement decreased rapidly. In contrast, the footwall only
decreased significantly at the interface of soil layers. The critical
influence depth of the corresponding prototype moving train load
was 12 m below the gound surface, which was greater than this depth
and will not be affected by the train vibration load.
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