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To ensure the normal passage of an ascending road during the construction of a
pipe-jacking tunnel, trains generally run at low speeds during the construction
phase and adopt normal speeds later. Using Jingjiu Road, Xi’an, China, as an
engineering case, this study evaluated and predicted the dynamic response of a
tunnel structure and soil mass when trains run at low to normal speeds. When the
train speed was controlled in the range of 30–60 km/h, the soil deformation
change rate around the shallow-buried pipe-jacking tunnel was 0.41%. The
maximum tensile stress growth rate of the pipe-jacking tunnel structure was
0.037%, the maximum compressive stress growth rate was 0.128%, and the
maximum increase in the stress of the pipe-jacking structure was 1.82%. Thus,
the soil and structure of the pipe-jacking tunnel were in a safe-stress state. The
results show that the influence of train speed on soil and structural stress is small
and can be ignored.
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1 Introduction

With rapid and large-scale construction of pipe-jacking tunnels in cities where
important buildings or traffic lines exist, the engineering route will inevitably be
orthogonal and oblique. (Degrande et al., 2006; Zhou et al., 2022; Liu et al., 2023).
Ensuring the safe operation of established traffic lines is crucial in urban traffic. Owing
to the long construction cycle times of the pipe-jacking tunnel projects, disturbance due to
construction activities can be significant, and the repeated vibration load of trains can
adversely impact the structure of the pipe-jacking tunnels. Trains usually travel at a low
speed when passing through the construction section and regain their normal speed once
they exit the construction section. Presently, urban, shallow, buried tunnel construction is
still in its early stages in China. To ensure the stability of the upper environment, it is
important to study the trains running over shallow, buried tube tunnels and the structural
deformations after construction.

Many experts and researchers have studied the soil and structural deformation
properties of pipe-jacking tunnels subjected to the influences of train speeds and
dynamic loads (Li et al., 2019; Liu et al., 2020). Wenhua et al. (2007) used
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instruments such as a strong seismoscope and dynamic earth
pressure box to perform field tests on the engineering section of
the Lianyan Expressway. They analyzed the dynamic response
characteristics of pavements and subgrades at different depths for
different vehicle types and speed conditions. Based on a three-
hole parallel tunnel project where an underpass of a railway trunk
line was built, Lun and Yu (2008) studied the dynamic responses
of trains running through parallel tunnels at different speeds
using ANSYS finite element numerical simulations and
determined the changes in the vault pressure as a function of
the buried depth and the longitudinal tunnel. To calculate the
dynamic responses of the strata of the
Guangzhou–Shenzhen–Hong Kong high-speed railway tunnel
subject to high-speed trains and analyze the influence of
groundwater, Bao et al. (2011) established a three-dimensional
numerical model using the FLAC3D software. Yufang (2013)
considered a tunnel running through the Beijing–Shanghai high-
speed railways as a research object and simulated the dynamic
response law of the lining structure of the tunnel at different
construction stages subject to the action of train vibration loads.
Their results indicated that the tunnel was in the most
unfavorable construction position when trains passed through.
Xiangqiu et al. (2005) conducted field tests and frequency-
response analyses on the dynamic response of the Zhuting
tunnel structure of the Beijing–Guangzhou line when the train
speed was approximately 80 km/h. They established an analysis
model and digital expression of the train vibration load and
obtained the vertical displacement, acceleration, and internal
force–time history curves of the tunnel lining structure. Dewu
and Feng (1997) measured the influence of velocity on the
vibration energy and structural vibration acceleration of the
Jinjiayan and Zhalanyingzi tunnels when the train speed was
approximately 50 km/h. Wang et al. (2022) performed numerical
simulations to study the dynamic response characteristics of the
bottom part of tunnel structures in water-rich soft strata
subjected to heavy-duty train loads. With pore-water pressure
and vertical dynamic stress as the evaluation indices, the response
rules of the excess pore-water pressure and soil dynamic stress at
bedrock were analyzed when subject to 25,000, 27,000, and
30,000 kg trains. Zhu et al. (2020) used the Newmark dynamic
time-history analysis of three-dimensional finite element and
seed equivalent linear methods to simulate the vibration
softening of the subgrade. They performed numerical
simulations to evaluate the passage of trains over the railway
above a pipe-jacking group and obtained response curves for
variables, including the instantaneous vertical displacement of
the subgrade and additional dynamic pipe-jacking stress. Their
analysis showed that when the pipeline depth was 12 m, the train
speed was 100 km/h, and when the train speed was 200 km/h, the
maximum vertical dynamic displacement of the two subgrades
increased by 1.3 mm. The adjunctive stress/compressive dynamic
stress of the pipe-jacking was approximately 0.14 MPa, and the
influence of the pipe-jacking group on railway operation was
within the allowable range. Yunfeng et al. (2022) showed that
when the running speed of a train changes, the dynamic response
of each part of the tunnel-reinforcement zone-formation system
changes. The finite element method was used to analyze the
influence of train speed on the acceleration, dynamic stress, and

dynamic displacement of each part of a structure-formation
system. Huinan (2022) established a finite element model of
the overall track-tunnel-soil system and analyzed the vertical
vibration variation of subway trains at 50, 80, and 120 km/h
speeds, primarily from the perspectives of time and frequency
domains.

Most research on railway tunnels has mainly focused on the
influence of train vibration and train speed in deep-buried tunnels
(Lipeng, 2013; Song et al., 2019b; Fan et al., 2020; Wang et al., 2022).
There are relatively limited studies on the dynamic response of the soil
and structure of shallow-buried rectangular pipe-jacking tunnels at
oblique intersections. Most of these studies rely on numerical
simulations. There are few data cases for field monitoring. Using the
engineering case of the Xi’an Jingjiu Road, an underpass of the Longhai
Railway line, for our study, we adopted the method of monitoring field
test dynamic characteristics and running numerical simulations to
predict the dynamic response law and safety of the soil and structures
around the tunnel when trains passed at different speeds at oblique
intersections during the postconstruction operation, thereby providing a
technical reference to ensure the normal operation of the project.

2 Engineering background

The oblique shallow-buried pipe tunnel project of the Xi’an
Jingjiu Road, an underpass of the Longhai Railway line, is located at
the west side overpass of the Xi ‘an East Railway Station under the
railway. Reinforced concrete, an overpass tunnel, a box-interchange
structure, a rectangular pipe, and an oblique railway line were used
in the project. Additionally, a pipe tunnel with an orthogonal width
of 50.5 m and oblique width of 56.45 m was divided into nine
sections (1#–9#) from south to north. The fifth prefabricated
pipe section was 50.5 m × 10.30 m in size and 1.5 m long. The
engineering construction site is geologically complex and rich in
groundwater. The bottom part of the structure was located in the
saturated soft loess with poor geology (Figures 1, 2). This project had
a large section, long top, and soft foundation, and it faced
considerable construction challenges.

Based on the actual engineering geological data, the model was
divided into six horizontal strata from top to bottom. These included
mixed-fill soil, plain-fill soil, ①-loess, ②-loess, paleosol, and
③-loess. The physical and mechanical parameters of each soil
layer are listed in Table 1.

3 Dynamic response of the pipe-jacking
tunnel when trains run at low speeds

3.1 Layout of monitoring points

Following the safety regulations issued by the Railway
Corporation and China’s Railway Xi’an Bureau Group Co., Ltd.
(Tieyun No. 146, 2006), trains pass through construction sections at
low speeds to ensure the safety of ascending trains during the
construction of a pipe-jacking tunnel. To ensure the normal
operation of the upper traffic during pipe jacking construction,
the construction project department has stipulated the train speed
range to be 30–60 km/h. To study the dynamic response changes of
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FIGURE 1
Schematic and photograph of the oblique interchange of the Xi’an Jingjiu Lu-Longhai railway project.

FIGURE 2
Plan of the 26.5° oblique interchange of the Xi’an Jingjiu Lu-Longhai Railway.

TABLE 1 Physical and mechanical parameters for each layer of the soil.

Name Density/γ
(KN/m3)

Cohesion/
c (kPa)

Angle of
friction/φ (°)

Modulus of
elasticity/E (MPa)

Poisson’s
ratio/μ

Permeability coefficient/K
(m2/(Pa·s))

Miscellaneous
fill

18.00 0.00 15.0 12.00 0.35 1e-11

Plain fill 17.00 7.00 15.0 14.64 0.35 1e-13

①-loess 17.00 22.00 19.5 15.32 0.33 1e-12

②-loess 17.00 27.00 20.0 15.32 0.33 1e-12

Ancient Soil 19.00 21.00 20.0 17.83 0.30 1e-13

③-loess 20.00 40.00 20.0 17.36 0.32 1e-13
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the soil mass around the pipe-jacking tunnel and structure when
trains pass through, a train operation site-monitoring scheme was
developed based on the actual engineering situation. Seven
monitoring sections (JC1–JC7) were set along the train running
line, and six measurement points were arranged on the lower side of
the steel pillow to monitor the dynamic acceleration and strain of the
steel pillow. Figure 3 shows the arrangement of the monitoring
points. Point 1 was located in the middle of the rail pillow between
the two transverse beams near the lower side of another track, point
2 in the middle of the rail pillow between the two transverse beams,
point 3 in the middle of the rail pillow away from the lower side of
another track, and point 4 on the side of the rail pillow near the
lower side of the other track. Point 5 was located at the lower side of
the middle position of the rail pillow on the side of the transverse
beam. Point 6 was located at the lower side of the rail pillow on the
side of the transverse beam away from the other track (see Figure 4
for onsite monitoring). A vertical acceleration sensor was arranged
at each monitoring point. Relevant research showed that the
dynamic load of the train is transferred along the structure of the
track, sleeper, roadbed, foundation, and tunnel, and it gradually
attenuates layer by layer. At the same time, considering the actual

project, it is assumed that the bottom of the train sleeper directly
contacts the soil mass and that the monitoring equipment
components simultaneously contact the soil mass during the field
dynamic monitoring. Therefore, it is assumed that the dynamic
response variation law of the sleeper at each test point is
approximately equivalent to the deformation law of the soil mass
around the pipe jacking tunnel.

3.2 Analysis of field monitoring data

The peak vertical acceleration at each measurement point was
monitored onsite when the train passed at a low speed of 45 km/h,
and after the train had passed six times, the monitoring data were
obtained. Figure 5 shows the vertical acceleration–time history
curves for the six monitoring points when the train passed for
the first time.

Figure 6 shows the peak vertical acceleration of the six
monitoring points located on the steel pillow when a train passed
through it on six occasions at 45 km/h. The observations are as
follows: (1) The acceleration–time history curves of each monitoring
point fluctuated during the six passes; the peak acceleration values at
monitoring points 2 and 5 were relatively large; across all
monitoring points, the minimum acceleration was 0.423 m/s2; at
2.083 m/s2, the maximum acceleration was 4.9 times larger than the
minimum. (2) Among the monitoring points on the same steel
pillow, the vertical acceleration response of point 1 was slightly less
than that of point 3, and the response of point 4 was slightly less than
that of point 6. The acceleration at points 1 and 4 on the inside of the
track is less than that at points 3 and 6 on the outside. The variation
law of each monitoring point is assumed to be the soil deformation
law. Additionally, we considered that the maximum acceleration of
soil deformation was 2.083 m/s2 when the train passed at 45 km/h,
indicating that the train influenced soil deformation.

4Dynamic response of the pipe-jacking
tunnel during operation

Based on the onsite monitoring of the shallow-buried pipe
tunnel project of the Xi’an Jingjiu Road, we estimated the soil

FIGURE 3
Schematic of the train-track monitoring point locations.

FIGURE 4
Field-measured data diagram of a passing train.
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deformation law for the case of trains passing at low speeds. The
intersection angle between the train track and the jacking pipe
axis was 26.5°. To further predict the deformation law of the
inclined shallow buried pipe tunnel under the condition of a train
running at high speed, a dynamic response analysis was
performed using the FLAC3D numerical modeling software.
Because the train vibration response was classified as a
microvibration, the amplitude of the dynamic response was
significantly small. Therefore, a linear elastic finite element
model can be used to study the influence of train vibration on
buildings and soil mass. For rock and soil mass, the Mohr-
Coulomb criterion was selected, and the isotropic elastic
model was employed for concrete in pipe-jacking tunnels.

The purpose of this study is to reveal the soil and structural
deformation law of the roof tunnel at oblique intersections. Based
on an extensive literature review of related studies, we selected
several physical quantities, such as the overall surface deformation,
vertical deformation, structural stress deformation, and
acceleration, to analyze and evaluate the dynamic response.
Surface deformation refers to micro- and macro-deformation
phenomena such as displacement, settlement, uplift, tilt,
deflection, and crack of rock and soil mass (TACGHP 014,
Technical Specification of Ground Deformation Monitoring for
Geohazard, 2018; Huo et al., 2019). Among them, the overall
surface and vertical deformations mainly involve displacement and
settlement, which are used to represent the settlement deformation
of soil when the train speed changes. The greater the deformation,
the more evident the influence of the speed change. Structural
stress is the internal force generated in pipe jacking when the pipe
jacking structure is deformed while resisting the effect of external
causes. The size of structural stress reflects the influence degree of
the jacking structure under dynamic load. The greater the
structural stress, the more evident the influence of dynamic
load. Based on relevant regulations (TB 10002.3. Code for
Design of Reinforced Concrete and Prestressed Concrete
Structures of Railway Bridges and Culverts, 2005; GB 50010,
Code for Design of Concrete Structures, 2010; GB 50868, 2013;
Song et al., 2019a), when the train speed was <120 km/h, the height
and horizontal displacement of the track, steel pillow, and beam
had to be controlled within 8 mm. The tensile and compressive
principal stresses of concrete structures following repeated train
loads should be consistent with σct ≤ 0.7fct and σc ≤ 0.55fc, where
σct is the tensile stress of a concrete lining structure (MPa); fct is
the ultimate tensile strength of concrete (MPa); σc is the
compressive stress of the concrete lining structure (MPa); and
fc is the ultimate compressive strength of concrete (MPa). The
acceleration limit of the building was 10.2 m/s2. The structure can
suffer damagedamages if its vibration acceleration exceeds this
limit.

4.1 Numerical model

To develop the numerical model, a pair of trains were set to
run simultaneously at the same speed in opposite directions from

FIGURE 5
Acceleration–time history curves for all monitoring points. (A)
1 when the train passes, (B) 2 when the train passes, (C) 3 when the
train passes, (D) 4when the train passes, (E) 5when the train passes, (F)
6 when the train passes.
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FIGURE 6
Variations in the peak vertical acceleration of soil deformation at all monitoring points.

TABLE 2 Research conditions for train dynamic characteristics.

Influence factor Working
condition

Reserve injection

30 km/h In the opposite direction, the skew is 26.5°; pipe jacking depth is 0.5 m below the ground; and groundwater level rises to the
structure base

Train speed 45 km/h

60 km/h

FIGURE 7
Standard model of the oblique shallow-buried pipe tunnel.
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the boundary of the model. The trains had an axle weight of
140 kN and a running speed of 45 km/h, the pipe was buried at a
depth of 0.5 m below the ground, and the underground water
level was recovered at the base of the structure under standard
operating conditions of the dynamic model. In addition, dynamic
calculation models of different train speeds were established (The
operating conditions are shown in Table 2). In the numerical
simulation, only the soil weight and train traffic load were
considered, and the latter was equal to the simulation load.
The influence of the ground overload, equipment load, and
groundwater change was not considered in the simulation;,
hence the surrounding rock parameters, tunnel structure
parameters, and supporting parameters were unchanged.

When FLAC3D was used to establish the soil mass and
structural geometry model of the inclined shallow-buried and
large-section pipe-jacking tunnel, based on Saint-Venant’s
principle (Kai, 2019), owing to the asymmetry between the
train lane and the pipe-jacking position, a three-dimensional
full-section modeling was required. After many calculations, the
results of an inversion analysis were considered. The length,
width, and height of the model were determined to be 250, 150,
and 30 m, respectively.

The normal displacements around and at the bottom of the
model were constrained, and the free-boundary conditions were
applied as static boundary conditions at the top of the model. The
dynamic boundary conditions were free around the model and static
on the top-lane surface. Combined with the three working
conditions listed in Table 2, the division of model units of the
standard model was dominated by 8-node hexahedrons and
supplemented by 4-node tetrahedrons. The model was divided
into 93,013 nodes and 145,652 units. The specific geometric
model is shown in Figure 7.

4.2 Train load simulations

For these simulations, the train speeds in the study area were
provided by the Xi ‘an Railway Group Company; the uniform speeds
were 30, 45, and 60 km/h. Referring to the relevant literature
(BoLiang et al., 2006; Chang, 2017; Niu et al., 2020; Xiancong
et al., 2022), this study adopted the track irregularity method by
considering the train dynamic load to maintain vibrations at the top
of the model for 5 s and expressing the train vibration load with a
fitting function (Eq. 1) containing medium, low, and high-frequency
excitation forces. Eq. 2 represents the modified wheelset force of the
train on the line.

F t( ) � P0 + P1 sinω1t + P2 sinω2t + P3 sinω3t + . . . (1)
F′ t( ) � k1k2F t( ) � P0 + k1k2 P1 sinω1t + P2 sinω2t + P3 sinω3t( )

(2)
In Eq. 2, P0 is the static load of train wheels; P1, P2 and P3 are

vibration loads, which represent the forces generated by the train in

TABLE 3 Extreme values of the vibration load at different speeds.

Speed (km/h) Extreme values of the vibration
load/N

Maximum Minimum

30 298,187.7 289,885.9

45 303,458.1 284,667.8

60 310,842.3 277,238.2

FIGURE 8
Vertical vibration load curves of trains as a function of the time
interval at different speeds.
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the low, medium, and high-frequency ranges, respectively; k1 is the
superposition coefficient ranging from 1.2 to 1.7; and k2 is the
dispersion coefficient ranging from 0.6 to 0.9. We considered the
sprung mass of the train to be M, its running speed V, and vibration
circle frequency ωi. This study considered that each train had two
bogies and four axles. The maximum axle weight of each train was
14,000 kg, and the resulting stress was evenly distributed on the
ground covered by the train. By referring to previous studies (Lei,
2019), the static load of train wheels was the maximum weight of a
single bogie (28,000 kg); the gravitational acceleration g was 10.0 m/
s2; the unsprung mass was 2,100 kg; and coefficients k1 and k2 were
1.5 and 0.7, respectively. The train excitation load function F(t)with
respect to time t at the three set speeds was calculated as follows:

At V = 30 km/h,

F t( ) � 1.05[280000 + 129.30 sin 2.62t( ) + 1724.05 sin 52.31t( )
+ 2155.06 sin 261.56t( ) (3)

At V = 45 km/h,

F t( ) � 1.05[280000 + 129.17 sin 3.93t( ) + 3882.22 sin 78.50t( )
+ 4852.77 sin 392.50t( ) (4)

At V = 60 km/h,

F t( ) � 1.05[280000 + 517.84 sin 5.23t( ) + 6904.48 sin 104.69t( )
+ 8630.6 sin 523.44t( ) (5)

FIGURE 9
Model cloud map of the overall vertical deformation at different
train speeds. (A)when V = 30 km/h; (B)when V = 45 km/h; (C)when V
= 60 km/h.

FIGURE 10
Model cloud map of the vertical surface deformation at different
train speeds. (A)when V = 30 km/h; (B)when V = 45 km/h; (C)when V
= 60 km/h.
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Based on the above equations, the extreme values of the
vibration load at different speeds within 0–5 s were obtained
(Table 3). Figure 8 shows the vertical vibration load F(t) as a

function of the time interval. The measured F(t) of the trains at each
speed was applied to the track to simulate the excitation of the tube
jacking-tunnel structure when the trains passed through the station
at a uniform speed.

TABLE 4 Peak values of the vertical displacement of soil at different train speeds.

Speed (km/h) Overall peak vertical displacement/mm Peak vertical displacement of surface/mm

Max Min (E-04) Max Min (E-04)

30 −12 −0.667 −11.9 −0.676

45 −12 −0.669 −11.9 −0.672

60 −12 −0.674 −11.9 −0.677

FIGURE 11
Nephogram showing the overall vertical deformation of the
pipe-jacking tunnel structure at different train speeds. (A) when V =
30 km/h; (B) when V = 45 km/h; (C) when V = 60 km/h.

FIGURE 12
Cloud map showing the vertical deformation of the pipe-jacking
section y = 54.25 m at different train speeds. (A)when V= 30 km/h; (B)
when V = 45 km/h; (C) when V = 60 km/h.
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4.3 Analysis of the soil displacement
response

Figures 9, 10 show the nephograms of the overall and surface
vertical displacement of the pipe-jacking tunnel at different speeds. The
vertical (downward) deformations of the surface of themodel are 13.63,
13.81, and 13.87 mm at different train speeds (V = 30, 45, and 60 km/h,
respectively) when the groundwater level rises to the structural
basement. The surface deformation of the model gradually increases
with train speed, reaching amaximum of 1.81%. Table 4 lists the overall
peak vertical displacement of soil and the peak vertical displacement of
the ground at different train speeds. The overall peak value of the
vertical displacement when the train was running ranged
from −12.00 to 0.674 mm, and that of the ground ranged
from −11.90 to 0.67 mm. At higher train speeds, the maximum
values of the overall and surface vertical displacements were
unchanged, while the corresponding minimum values increased by
1.04% and 0.74%, respectively. Thus, train speed had minimal effect on
soil deformation.

4.4 Stress response analysis of a pipe-jacking
structure

Figures 11, 12 show the overall vertical deformation of the pipe-
jacking tunnel structure at different train speeds and the vertical
deformation cloudmap of section y = 54.25 m. The figures show that
as the train speed increased, the vertical deformation of the top-pipe
structure fluctuated: -0.77, −0.78, and −0.78 mm, and the vertical
deformation increased from −0.76 to −0.76 mm at a growth rate of
0.4%–0.54%.

Figure 13 shows the cloud map of stress distribution of the pipe-

jacking section y = 54.25 m at different train speeds. The pipe-

jacking stresses at the three train speeds manifest as tension and

pressure principal stress, and they are concentrated primarily in the

lower left and lower right corners of the left motor lane and the lower

right corner of the right motor lane. The maximum tensile and

compressive stresses were 1.06 and 2.18, 1.06 and −2.18, and

1.06 and −2.19 MPa at V = 30, 45, and 60 km/h, respectively.

The maximum tensile and compressive stresses grew at a rate of

0.037% and 0.128%, respectively. Thus, train speed had minimal

effect on the pipe-jacking stress and structure deformation.

FIGURE 13
Stress (Pa) distribution cloud map of the pipe-jacking section y =
54.25 m at different train speeds. (A) when V = 30 km/h; (B) when V =
45 km/h; (C) when V = 60 km/h.

FIGURE 14
Schematic of monitoring sites.
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The deformation and stress of the pipe-jacking structure showed
a minimal increase with train speed, indicating that the dynamic
response of the pipe-jacking structure changes insignificantly in the
range of 30–60 km/h.

5 Analysis of the influence law of train
speed

To explore soil deformation under train speed variations, eight
monitoring points (A–H) were set in the model to monitor the
displacement and stress changes in soil mass and pipe jacking during
train operations, as shown in Figure 14.

5.1 Analysis of the influence law of train
speed on the dynamic response of soil
displacement

The peak deformations of soil and structure points above the
pipe-jacking structure were recorded after applying train loads at
different speeds. The results are summarized in Table 5.

Figures 15, 16 show the vertical deformation of the soil and
stress at monitoring point A, respectively, as a function of
vibration time at different train speeds. Together with the
study results presented in Table 5, we observe that the soil
maintained a certain level of displacement settlement and
stress, and the vertical deformation law is nearly identical at
all three train speeds.

Figure 17 shows the variation law of each point at two
monitoring sections: y = 54.75 and 95.25 m. The vertical
displacement of soil at the axis of the top structure in the two
monitoring sections is large. The vertical deformation gradually
decreases on both sides and has a generally symmetrical
distribution. Furthermore, from Table 5, the vertical
deformation of the soil layer was the highest above the pipe-
jacking axis at each point on the monitoring section, with a
change rate of 0.41%. For example, at a train speed of 60 km/h,
the peak vertical deformations were 7.92 and 7.44 mm at
monitoring points G and H, respectively, and 8.48 and
7.52 mm at points E and F, respectively. Moreover, when the
train speed was constant, the distance from the pipe-jacking
structure increased. When the train moved horizontally, the
vertical displacement of each monitoring point gradually

TABLE 5 Peak values of soil deformation above pipe jacking at different train speeds.

Speed (km/h) Vertical deformation/mm

F E A G H

Soil layer to the left Top layer of the pipe Soil layer to the right

30 −0.749 −0.845 −0.485 −0.790 −0.742

45 −0.749 −0.846 −0.486 −0.791 −0.743

60 −0.752 −0.848 −0.487 −0.792 −0.744

FIGURE 15
Vertical deformation law of soil in the top section of pipe jacking as a function of vibration time at different train speeds.
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decreased, indicating that the vibration wave generated by the
slow-moving train attenuated during horizontal propagation. As
the distance from the vibration source increased from 5 to 20 m,
the peak values of the soil displacement and deformation

decreased, and the maximum attenuation rate reached 93.9%
within a distance of 20 m. Comprehensive analysis showed that
soil deformation is marginally affected by train speeds in the
range of 30–60 km/h.

FIGURE 16
Stress at monitoring point A as a function of vibration time at different train speeds.

FIGURE 17
Vertical deformation curves at the top of the model.
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5.2 Analysis of the influence law of train
speed on the dynamic response of pipe
jacking

Figure 18 shows the stress on the middle line of the upper part of
the pipe-jacking structure (monitoring point B) and its variations as
a function of the distance of the pipe-jacking structure. The stress of
the entire model increases in tandem at the three train speeds. Thus,
the stress at monitoring point B is minimally affected by changes in
train speed.

Figure 19 shows the stress at monitoring point B at different
train speeds. The soil stress above the pipe-jacking structure
fluctuates due to the vibrations induced by the moving train, the
fluctuations being stronger at higher train speeds. The results of the
analysis are as follows: (1) the changes in train speed have little effect
on the stress–time history curve of the pipe-jacking structure, and
(2) the peak stress increases with train speed; however, the increase is
small.

5.3 Numerical simulations of train long-term
action and verification analysis of allowable
values

5.3.1 Comparative analysis of the soil displacement
response

As discussed in Section 3.2, the variation law of each monitoring
point is approximately equivalent to the soil deformation law
around the pipe-jacking tunnel, and the maximum soil
deformation acceleration is 2.08 m/s2 when the speed of the train
is 45 km/h.

Based on the numerical simulation results discussed in Section
5.1, the vertical deformation law of soil mass at the top of the pipe-
jacking structure was obtained as a function of vibration time at
different train speeds (Figure 16). We observed that the deformation
of the soil mass varied with train speed. The acceleration curve of soil
deformation at different train speeds was obtained using the
quadratic derivation of the displacement change (Figure 20). The
average value of vertical acceleration during 45 km/h operation was
calculated to be 1.92 m/s2, which is close to the measured value of
2.083 m/s2 with a deviation of 8.49%. This confirms the effectiveness
of numerical simulations and field-measured data analyses.

FIGURE 18
Stress variation law of model monitoring point B at different train
speeds.

FIGURE 19
Stress at monitoring point B as a function of vibration time at different train speeds.
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Furthermore, the peak acceleration of the building was <10.2 m/s2,
indicating that the soil deformation was within the allowable range
(TB 10002.3. Code for Design of Reinforced Concrete and
Prestressed Concrete Structures of Railway Bridges and Culverts,
2005).

5.3.2 Comparative analysis of the structural
response of the pipe-jacking tunnel

The pipe-jacking tunnel in Jingjiu Road underrunning the
Longhai Railway line has a concrete strength of C50 and an
impermeability grade of P8. As discussed in Section 4, the
limiting values of tensile and compressive stresses of the pipe-
jacking tunnel structure at repeated train loads were 2.17 and
18.425 MPa, respectively. In the analysis of the influence of train
speed on dynamic response, the maximum tensile and compressive
stresses of the pipe-jacking structure were 1.0699 and 2.1913 MPa,
respectively, at 60 km/h speed. For train speeds in the range of
30–60 km/h, the structural stress of the pipe-jacking tunnel was
within the design requirements, and the structure was in a safe-stress
state.

6 Conclusion and discussion

In this study, we monitored the dynamic characteristics of a
shallow-buried pipe tunnel at the Longhai Railway line through the
Ninth Road in Xi ‘an, China, and performed numerical simulations
of the field tests. The dynamic response of the soil and structure
around the pipe-jacking tunnel were studied with trains passing at
an oblique intersection of 26.5° through the top of the tunnel at
different speeds. The study results are as follows.

(1) At different train speeds (30, 45, and 60 km/h), vertical
deformation was observed in the soil above the tunnel.
Deformation was larger at higher speeds; however, the
increase was only 1.04% (less than 10%), indicating that train
speed had minimal effect on soil deformation.

(2) For train speeds in the range of 30–60 km/h, the maximum
deformation rate of the soil layer above the pipe-jacking axis was
0.41%, and the vertical displacement of soil gradually decreased
along the horizontal direction away from the pipe-jacking
structure. The maximum attenuation rate was 93.9% within a
20-m distance. The peak acceleration was less than the standard
limit value, and soil deformation was within the allowable range.

(3) As the train speed increased from 30 to 60 km/h, the maximum
tensile and compressive stresses increased at rates of 0.037% and
0.128%, respectively. The tensile stress was less than the limiting
stress of the pipe-jacking structure, and therefore, the structure
was in a safe-stress state. Furthermore, speed variations had a
negligible effect on the stress of the pipe-jacking structure.
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