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It is well known that the tunnel structure will lose its function under the long-term repeated function of the vibration e�ect. A prime
example is the Xi’an cross tunnel structure (CTS) of Metro Line 2 and the Yongningmen tunnel, where the vibration response of
the tunnel vehicle load and metro train load to the structure of shield tunnel was analyzed by applying the three-dimensional (3D)
dynamic nite elementmodel.�e e�ect of the train runningwas simulated by applying the time-history curves of vibration force of
the track induced by wheel axles, using the tted formulas for vehicle and train vibration load.�e characteristics and the spreading
rules of vibration response of metro tunnel structure were researched from the perspectives of acceleration, velocity, displacement,
and stress. It was found that vehicle load only a�ects the metro tunnel within 14m from the centre, and the in�uence decreases
gradually from vault to spandrel, haunch, and springing. �e high-speed driving e�ect of the train can be divided into the close
period, the rising period, the stable period, the declining period, and the leaving period. �e stress at haunch should be carefully
considered. �e research results presented for this case study provide theoretical support for the safety of vibration response of
Metro Line 2 structure.

1. Introduction

Generally, the initial damage to the shield tunnel is caused
by construction near the crossing tunnel as the repeated
vibration rapidly promotes tunnel disasters. In particular, the
most damage occurs during the later construction planning
of the city. Many complicated construction projects have
not been considered during the early construction, which
can in�uence the exiting tunnels. For example, traversing
with underneath passing or oblique crossing and close-range
parallel passing of existing tunnels on the tunnel that is under
construction successively appears, causing initial damage to
the tunnel inevitably. �e initial damage is accumulated
during operation, which can ultimately result in the decrease
of structure resistance and loss of function due to the long-
term repeated function of the vibration e�ect.

Consequently, a number of research studies have been
conducted. �e response of buildings to train loading at

di�erent speeds was evaluated and then compared with the
allowable vibration limits by Balendra et al. [1]. Using 2D
and 3D models, Soliman et al. [2] discussed and studied
the mutual in�uence of construction near parallel tunnels.
Yamaguchi et al. [3] described the characteristics of in�uence
from the thrust of a succeeding tunnel to a preceding tunnel
and the analytical expression of the mechanism of ground
behaviour during the construction of closely running tunnels.
Koziol and Mares [4] analyzed the theoretical response of a
solid to fast moving trains by using models related to real
situations: a loadmoving in a tunnel and a loadmoving on the
surface of the tunnel. Shi et al. [5] investigated the settlement
behaviours of a metro tunnel during metro operation based
on a nonlinear vibration model of vehicle track. Zhong et
al. [6] constructed a measurement system based on the
CompactRIO system and the LabVIEW platform to measure
the ground-borne vibration induced by the subway, while
Lai et al. [7] established a wireless sensor network (WSN)
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Figure 1: �e location of the Yongningmen tunnel and Metro Line 2.

to monitor the e�ect of the blast-induced vibration on the
structure of an existing tunnel.

However,most of the aforementioned studies concentrate
on the dynamic response analysis undermetro train vibrating
load, whereas few studies have conducted a dynamic analysis
under a highway tunnel of vehicle vibrating load.�e research
conducted on the combined interaction of the above two
conditions is virtually nonexistent. Moreover, the di�erences
in geological environment and the vehicle model do not
allow the study results to be directly applied to the Xi’an
metro.�erefore, with the numerical model based onMidas-
GTS so�ware, vibrating and mechanical response rules were
proposed and supported by CTS of the Xi’an Yongningmen
tunnel and Metro Line 2 shield tunnel.

2. Description of the Studied Tunnel

Yongningmen, commonly known as South Gate, is located
at the central southern gate of the Ming Dynasty City Wall
in Xi’an. �e construction of the gate started in the early
Sui Dynasty (AD 582), making it the oldest gate in Xi’an.
Yongningmen has been included on the tentative list of
World Cultural Heritage sites, along with the Ming and Qing
Dynasties City Wall in China. �e Yongningmen tunnel, a
case study in this paper, is located near the Yongningmen
gate, so it is imperative to evaluate the vibration response
in this tunnel. �e Yongningmen tunnel engineering starts
at Zhenxing Road, continuing until the front door of the
local Electric Power Co., Ltd., Shaanxi Province. �e total
length is 867m, with a tunnel net length of 236m, a width
of 36.4m, and a depth of 9.2m. �e Yongningmen tunnel
is designed to be a bidirectional, six-lane tunnel; the route
runs from east to west, and it opened to tra�c in June
2014. As shown in Figure 1, the Yongningmen tunnel is
at a right angle crossing relationship with Metro Line 2,

which began operation in September 2011.�e Yongningmen
tunnel includes 13 reinforced concrete cast-in-place slabs, of
which the H6 and H8 slabs are located above shield tunnel
of Yongningmen—the Bell Tower section of Metro Line 2.
�e slabs are only 2m away from the shield tunnel vault,
representing the shortest distance recorded of a relevant
construction in China. To guarantee the safety of metro
operation, grouting has been used tomodify the soil property
between the cover plate and the outer edge of the shield to
improve the soil compactness and crack resistance. During
operation of the tunnel, the propagation of vibration induced
by the passage of vehicles inevitably resulted in long-term
interference for the peripheral environment, in particular,
Metro Line 2, which is only 2m away from the Yongningmen
tunnel. It will have a more prominent in�uence on the
tunnel structurewith the additional vibrations induced by the
running trains.

�e vibration responses were analyzed based on the
numerical model in this paper, and the model should be
reasonable and applicable. �e method for the calibration
of the FE model shown in Figure 2 is adopted. �e whole
model, including the parameters of viscous boundaries, was
calibrated by comparing the numerical simulation results
and the data registers measured under independent action of
metro train (Condition 1). �en, the calculated results and
those of eld tests under Condition 2 were compared, and
some conclusions were put forward.

3. Numerical Calculations

According to the typical geological materials for this section
of Metro Line 2 in Xi’an, the soil is of a homogeneous
medium, and the weighted average of the parameters of the
soil property is taken as the calculation parameters. �e
properties of the soil layers are shown in Table 1.
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Table 1: Properties of soil layers [32].

Soil layers
Natural unit

weight (kN/m3)
Saturated unit
weight (kN/m3)

Dynamic
Poisson ratio

Cohesion
(kPa)

Friction angle
(degree)

Dynamic elastic
modulus (MPa)

Shear wave
velocity (m/s)

Plain ll 17.7 17.9 0.22 12.0 10.0 28.0 185

New loess 18.0 20.1 0.20 17.0 10.0 33.0 200

Improved soil 22.1 22.1 0.20 56.3 45.2 180.8 250

Old loess 20.5 20.9 0.25 30.0 26.0 46 230

Silty clay 20.5 20.9 0.30 32.0 24.0 75 235

Boundary

Output responses

Measured
results

FE model 

Output responses

Measured
results

Element size

Model 
dimension

Yes

No

Condition 2

Acceptable? 

Condition 1

Figure 2: Flow diagram for the calibration of the FE model.

�e 3D model was established to study the dynamic
response characteristics of shield tunnel structure. �e dis-
tance � between model boundary and vibration source
should be greater than the maximum half wavelength of the
medium [8]:

�min = �max2�min

, (1)

where� and� are the shear wave velocity and frequency.�e
minimum distance between model boundary and vibration
source �min = 11.90m, with �max = 250m/s the maximum
shear wave velocity. �erefore, the following model was
selected to meet the accuracy of the solution. �e model
length is 48m in horizontal direction; alone Metro Line 2 is
100m. �e bottom boundary of the model is 30m below the
ground level, and the upper surface of model is the free face
of the ground level. A greatermodel is not used because of the
long computation times involved. �e geotechnical prole of
the model is shown in Figure 3.

Considering the symmetrical model, the regular hexa-
hedron elements were obtained by expanding 2D model to
3D model in Midas-GTS so�ware. In order to accurately
capture the volatility e�ect, the size of the nite elements
should be smaller than the 1/6 times minimum wavelength
corresponding to di�erent soil layers [8]:

�max = ��6�max

. (2)

�ese results of the maximum element length of di�erent
soil layers �max are 1.03m, 1.11m, 1.39m, 1.28m, and 1.31m,
respectively. In order to obtain the ideal element size, the peak
values (positive and negative) of four key points under the
conditions that element sizes � = 0.5m, � = 0.6m, � = 0.8m,
and � = 1m were compared in Figure 4. Point A, on the
vault, point B, on the spandrel, point C, on the haunch, and
point D, on the springing of the tunnel, were selected as key
points. �e velocities with the element size of � = 0.8m and� = 1m are more close than that of � = 0.5m and � = 0.6m
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Figure 3: Geotechnical prole of the problem.
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Figure 4: Vibration velocities under di�erent element sizes.

to those registers measured. �e element length � = 1m was
recommended in this model for ease of analysis.

Free vibration analysis should be conducted to obtain
inherent dynamic characteristics of model structure before
time-history analysis. According to the literatures [8–10], the
elastic boundaries were employed in the free vibration analy-
sis and surface spring was created. �e vertical coe�cient of
spring sti�ness is calculated by

�V = �V0 ⋅ (	V30)
−3/4

(3)

and the horizontal coe�cient of spring sti�ness is

�ℎ = �ℎ0 ⋅ (	ℎ30)
−3/4 , (4)

where �V0 = (1/30) ⋅ �0 = �ℎ0, 	V = √V, 	ℎ = √ℎ, V

and ℎ are calculation model area in vertical direction and
horizontal direction, respectively, and �0 is elastic coe�cient
of the foundation.

Because the re�ection of the wave in the truncated
boundary will produce large errors, viscous boundaries were
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Table 2: Boundary parameters.

Soil layers
Coe�cients of spring sti�ness Viscous parameters�� (kN/m3) �� (kN/m3) �� (kN/m3) ��� (kN⋅s/m) ��� (kN⋅s/m)

Plain ll 19980 26310 / 830 497

New loess 15214 18076 / 968 559

Improved soil 58591 77156 / 1834 981

Old loess 16221 22169 / 1014 585

Silty clay 20857 27486 12402 1268 768

Table 3: Results of free vibration analysis.

Mode number 1 2 3 4 5 6 7 8 9 10

Frequency (Hz) 2.04 2.10 2.26 2.36 2.60 2.65 2.67 2.88 3.42 3.53

Angular frequency (rad/s) 12.82 13.20 14.20 14.85 16.31 16.63 16.80 18.08 21.46 22.17

set during time-history analysis in Midas-GTS [8–10]. �e
damping constants of P-wave ��� can be calculated by

��� =  ���√� + 2��� (5)

and the damping constants of S-wave��� can be calculated by

��� =  ���√��� , (6)

where  � is the boundary area; � is the rst lame constant,� = ]�/(1 + ])(1 − 2]); G is shear modulus of elasticity, � =�/2(1+]);� is the density of thematerial;E is elasticmodulus;
] is Poisson ratio.�eboundary parameters and results of free
vibration analysis are depicted in Tables 2 and 3, respectively.

Generally, Rayleigh damping is used as a dynamic damp-
ing of systems in dynamic analyses. �e damping matrix is
proportional to the mass and sti�ness matrices [11–13], and
the expression is as follows:

[�] = � [�] + � [�] , (7)

where [�], [�], and [�] are the mass matrix, damping
matrix, and sti�ness matrix of the system, respectively, and
they are combined with the mass matrix, damping matrix,
and sti�ness matrix of all units together. �e proportional
damping constants � and � and the damping ratio should
satisfy the following relationship:

�	 = �2�	 +
��	2 (� = 1, 2, . . . , �) , (8)

where �	 is the damping ratio; �	 is the inherent frequency; �
and � are the proportional damping constants. According to
the literatures [9, 14, 15], the damping ratio is assumed to be
a constant value that � = �� = �
 = 0.05 within the frequency

range (��, �
). �e free vibration equation of the system can
be used to calculate the inherent frequency of�� and�
.�en,

� = 2���
�� + �
 �,
� = 2�� + �
 �.

(9)

Using the predominant frequency of participation mass �� =12.82 rad/s, �
 = 13.20 rad/s, the damping ratio � = 0.05,
and based on (9), the value of Rayleigh damping is then
determined as

[�] = 0.6504 [�] + 0.0038 [�] . (10)

4. Dynamic Load

4.1. Vehicle Load. �e dynamic response of the moving load
acting on the foundation is obvious only when it approaches
the wave velocity of the foundation surface or the wave
velocity of the internal modes of the foundation. However,
the wave velocities of the highway structure surface and the
internal modes are far higher than the speed of the vehicles.
�erefore, the e�ect of vehicle speed on the dynamic response
of the highway structure can be ignored in the case of full
evenness of the pavement. In fact, the highway pavement
may not be fully level, and the evenness of the pavement
becomes increasingly worse with the increase of service time.
When vehicles run on the bumpy pavement, vibrations are
generated, thus creating additional dynamic load beyond the
static load, which is the crucial di�erence between static and
dynamic stress of highway structure.

For the convenience of dynamic analysis on the tunnel
structure, supposing the vehicle is still on the road during
vibration, the load vibration formula of the wheels [16, 17] to
the road can be

� = � (� − ℎ sin��) , (11)

� = 2�V� , (12)
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Figure 5: Vibrating load versus time curve.

where � is tire sti�ness,� is unsprung vertical displacement, ℎ
is amplitude of pavement roughness,� is excitation frequency
of pavement, V is running speed, and � is wavelength of
uneven pavement.

It can be observed from formula (11) that when vehicles
are travelling on the rough pavement, the dynamic load of
wheels to pavement changes with the time and evenness. �e
excitation curve of vehicle load in the rst 4 s is shown in
Figure 5.

4.2. Train Load. �e train load has posed a complicated
problem due to the factors involved, such as train axle load,
suspension system, running speed, track structure, and track
regularity [18–21]. �e metro train load refers to the moving
line load including random elements and constant elements.
�e main factors that a�ect the trains vibration load are
wheel-rail interaction and dynamic e�ect.�e irregular track
and wheel-rail contact surface, weight of eccentric wheel,
and sleeper result in a random vibrating load. However, the
unsprung mass and the space between the wheel and rail
and the running speed are invariable. �us, the train load
can be simulated through the excitation function [22–25],
for which the static load, irregularity, additional dynamic
load, rail surface wave, and other random elements of trains
under di�erent frequencies will be taken into consideration,
through the following expression:

� (�) = 0 + 1 sin�1� + 2 sin�2� + 3 sin�3�, (13)

where0 is the static load of wheel, and1,2, and3 refer
to vibrating load, corresponding to typical values of control
cases A∼C in Table 4. With �0 representing the unsprung
mass, the amplitude of the corresponding vibrating load is

 � = �0!��2� (" = 1, 2, 3) , (14)

where !� is the typical vector height, corresponding to the
three cases A, B, and C in Table 4; �� is the circular

Table 4: Geometric parameters for UK railway engineering.

Control conditions Wavelength (m) Versine (mm)

Driving comfortA

50.00 16.000

20.00 9.000

10.00 5.000

Dynamic additional
load to the roadB

5.00 2.500
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1.00 0.300
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Figure 6: Vibrating load versus time curve.

frequency of irregularity vibration wavelength under the
corresponding vehicle speed, which in turn corresponds to
the relevant casesA,B, andC in Table 4, with the following
calculation:

�� = 2�V� � (" = 1, 2, 3) , (15)

where V is the running speed of the train and � � is the typical
wavelength corresponding to the three casesA,B, andC in
Table 4.

�e trains for Xi’anMetro Line 2 are B-type, six-carmetro
trains, including three powered trains and three unpowered
trains [26–29]. �e unilateral static wheel load is 70 kN,
and the unsprung mass is 750 kg. �e irregular vibrating
wavelength and vector height corresponding to three casesA,
B, andC are as follows: �1 = 10m, !1 = 3.5mm; �2 = 2m,!2 = 0.4mm; �3 = 0.5m, !3 = 0.08mm, respectively.
Figure 6 depicts the vibrating load versus time curve on the
track subgrade in the rst 10 s.

�e most common physical quantity for measuring the
in�uence on buildings is the vibration velocity. It can directly
re�ect the damage intensity of buildings and energy mag-
nitude of structures for vibration response that is directly
related to the destruction of these buildings, and thus it plays
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Table 5: Calibration with measured and calculated velocities at di�erent studied positions (unit: mm/s) [33].

Studied positions A B C D

Positive peak values

Registered velocities 0.4065 0.4786 0.6049 0.6793

Calculated velocities 0.4403 0.5074 0.6253 0.6970

Error (%) 8.31 6.02 3.37 2.61

Negative peak values

Registered velocities −0.3926 −0.4712 −0.6070 −0.6989
Calculated velocities −0.4320 −0.5043 −0.6286 −0.7127

Error (%) 10.04 7.02 3.56 1.97

a crucial role in the vibration of buildings [30, 31]. Under the
independent action of metro train, the results calculated by
numerical model are compared with real velocities measured
in eld tests to calibrate themodel (Table 5). It can be seen that
the real and calculated peak values (positive and negative) are
very similar at the di�erent studied positions. Consequently,
it can be concluded that the numerical model developed is
able to represent the dynamic behaviour of the studied tunnel.

5. Computation Result Analysis

To better study the vibration response of the Yongningmen
tunnel operation on the metro line, two conditions of
independent action of metro train (Condition 1) and the
combined action of vehicles and train (Condition 2) were
analyzed, and the response rules were obtained through the
comparison of these two conditions. Under Condition 1, a
metro train enters the simulation section with a running
speed of 60 km/h at 0 s, with 12 s required for the train to
completely pull out of the simulation section. To make the
data more comprehensive, the data of 0 s–15 s are adopted for
analysis. On the basis of the study of Condition 1, Condition
2 adopts the most dangerous moment of the section caused
by vibration and makes vehicle load through the section
to obtain the data in the dangerous condition. �erefore,
the vehicle load enters the simulation section at 4.7 s and
completely pulls out of the simulation section at 4.7 s with the
running speed of 50 km/h. A cross section for every 2m from
the self-centred position towards one of the directions was
adopted to account for the symmetrical structure, totalling 15
cross sections selected, as shown in Figure 7. �e vibration
response of the tunnel is obtained by analyzing the time
history of acceleration, velocity, displacement, andVonMises
stress.

5.1. Vibration Response Analysis. �e maximum and min-
imum values of each cross section at A, B, C, and D are
shown in Figures 8–11. In Figure 8(a), the maximum value
of acceleration increases from 1# cross section to 4# cross
section and then gradually decreases and basically tends to
be stable, whereas the opposite is true for the minimum
value. Within the 1# and 7# cross sections, the di�erence of
the same cross section under the two working conditions is
apparent. A�er the 7# cross section, the two curves basically
overlap, without any di�erence, indicating that the in�uence

of vehicle load reaches to 7# cross section, 14m away from
the centre. It provides the range of in�uence of vehicle
load, which is benecial to the shock absorption design
of similar engineering. �e trend of the variation curve
(Figure 8(b)) for the velocity extremes with section location
is the same as that of the acceleration, but under the two
conditions, the maximum velocity curves basically overlap
each other, and the di�erence is not signicant; although
the minimum velocity curves do not overlap each other, the
di�erence is smaller, which indicates that vehicle load e�ect
exerts less in�uence on speed compared to acceleration. In
Figure 8(c), the various sections share the same maximum
and minimum displacement values, so the curve trend is
gentle. Moreover, the extreme values of displacement under
the two conditions are similar, with the motor vehicle load
e�ect and the maximum and minimum displacement values
remaining constant.

It can be seen from the acceleration diagram in Figures
8–11 that with the moving down of the location of extraction
point the curve shows certain volatility, dependent on the
actual engineering structure. �e di�erence between the
two conditions also decreases with the moving down of the
location of extraction point, along with the velocity curve,
which signies the declining in�uence on lining from A to
B, C, and D with the motor vehicle load. So in the design
and construction period we should take into account the
vibration response of the vault and adopt some damping
measures when necessary. Based on the velocity gures, it
can be seen that various sections under two conditions have
nearly the same maximum velocity, exerting the greatest
in�uence on the extreme value of acceleration, followed by
extreme value of velocity, and no in�uence on the extreme
value of displacement. �erefore, in the process of vibration
response analysis, it is unreasonable to use speed as an
individual criterion, and the in�uence of acceleration should
be taken into consideration. Moreover, according to the
various gures, it can be found that the maximum value of
the curve always appears at Section 4# or 5#, and the extreme
value at point A is the minimum, while the extreme value at
point D is themaximum.�erefore, the time-history curve at
point D at the two sections under Condition 2 is selected for
analysis (see Figure 12).

5.2. Time-History Response Analysis. Figure 12 indicates that
the time-history curve has ve periods, with various periods
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Figure 9: �e maximum and minimum values of point B in two conditions: (a) acceleration, (b) velocity, and (c) displacement.

corresponding to the running position of the train (Fig-
ure 13); assuming the length of the train is � and taking the
position of study as the original point and running direction
of the train as the positive direction, the following analysis
was conducted.

(1) Close Period.Within the period when the train drives into
the simulation section and has run for 2 s, the location of the
locomotive corresponding to the study point is [−∞, −25].
During this period, the numerical value of acceleration
approaches 0, with smaller variation. Although some varia-
tion is present within the velocity curve, its numerical value
is small; the displacement value has variation nearby value 0,
but in terms of general trend it increases gradually towards
the negative direction.

(2) Rising Period. When the train has run for 2 s to 4 s, the
location of the locomotive corresponding to the study point
is [−25, 8]. �e �uctuation amplitude of acceleration rises

rapidly from2 s, reaching itsmaximumat 3 s, and then gradu-
ally decreases from 3 s to 4 s.�e �uctuation amplitude of the
velocity curve increases sharply, but the overall value tends
towards the negative direction; the displacement value rises

sharply during this period, with the acceleration and velocity

reaching maxima, namely, −99.30mm/s2 (Section 5#) and−0.71mm/s (Section 4#), respectively. �is is less than the

standard value of structure safety vibration control, thus
maintaining a safety status.

(3) Stable Period. When the train has run for 4 s to 7 s,
the location of the locomotive corresponding to the study
point is [8, � − 33]. During this period, the acceleration and
velocity curve form a relative stable status with continuous

�uctuation; however, the displacement reaches themaximum

during this period and has certain �uctuations near the max-

imum. During this period, the displacement value reaches
the maximum value, namely, −0.40mm. �is is less than
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Figure 10: �e maximum and minimum values of point C in two conditions: (a) acceleration, (b) velocity, and (c) displacement.

the standard value of structure safety vibration control, thus
maintaining a safety status.

(4) Declining Period.When the train has run for 7 s to 9 s, the
location of locomotive corresponding to the study point is[� − 33, � − 8]. Similar to the second period, the �uctuation
amplitude of acceleration and speed rises sharply from 7 s,
and the peak acceleration appears near 8 s, although it is less
than the peak value in the second period due to the motor
vehicle load. �e overall value of velocity tends towards the
positive direction; the displacement value during this period
decreases greatly and tends to be 0.

(5) Leaving Period. A�er 9 s, the location of the locomotive
corresponding to the study point is [� − 8, +∞], and as time
goes by, the variation amplitude of acceleration, velocity, and
displacement are gradually reduced, with the value tending to
be 0.

According to the above analysis, within the rising period,
stable period, and declining period, the original point will
be the existence of vibration response. And the acceleration
and velocity should be used as criteria for the evaluation of
vibration in rising period and declining period, while the
displacement is used as criteria in stable period.

5.3. Mechanical Response Analysis. Figure 14 is the lining
Von Mises stress under two conditions. A�er comparison it
was found that the stress of the tunnel lining near Yongn-
ingmen tunnel is improved due to the motor vehicle load.
However, the maximum stress value of the lining increased
to 204.77 kPa from 197.56 kPa, with small rising amplitude
and the lining remaining within the safety range. Typical
sections such as 4# and 5# were selected for analysis under
two conditions. Because of bilateral symmetry, 50% of the
data is selected to draw the Von Mises stress envelope curve,
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Table 6: Verication with measured and calculated velocities at di�erent studied positions (unit: mm/s) [33].

Studied positions A B C D

Positive peak values

Measured velocities 0.4498 0.5231 0.6355 0.7075

Calculated velocities 0.4434 0.5105 0.6284 0.7000

Error (%) 1.42 2.41 1.12 1.06

Negative peak values

Measured velocities −0.4527 −0.5589 −0.6648 −0.7452
Calculated velocities −0.4609 −0.5982 −0.6989 −0.7621

Error (%) 1.81 7.03 5.13 2.27
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Figure 11: �e maximum and minimum values of point D in two conditions: (a) acceleration, (b) velocity, and (c) displacement.

as shown in Figure 15. It can be seen from the gure that the
stress value at di�erent positions under Condition 2 has been
signicantly improved compared to that under Condition 1,
but the relative magnitudes at di�erent positions still remain
the same, gradually increasing from point 1 to point 6 and
decreasing at point 7.�is result implies that point 6 becomes
the most dangerous and vulnerable position, the stress of
which should be focused and strictly controlled.

5.4. Demonstration of Numerical Modelling. To validate the
model, calculation results were compared with those of eld
tests under Condition 2 when the train velocity is 60 km/h
(Table 6). According to the above analysis, the four points (A,
B, C, and D) are key and thus monitored (Figure 16). It can
be observed that the di�erence for peak values (positive and
negative) is not signicant between measured and calculated
velocities. Moreover, these maximums and minimums occur



12 Shock and Vibration

Section 4

Section 5

I II III IV V

2 s 4 s 7 s 9 s

3 6 9 12 150

Time (s)

−100

−50

0

50

100

A
cc

el
er

at
io

n
 (

m
m

/s
2
)

0 3 6 9 12 15

−100

−50

0

50

100

(a) Acceleration

Section 4

Section 5

I II III IV V

2 s 4 s 7 s 9 s

3 6 9 12 150

Time (s)

−0.8

−0.4

0.0

0.4

0.8

V
el

o
ci

ty
 (

m
m

/s
)

0 3 6 9 12 15

−0.8

−0.4

0.0

0.4

0.8

(b) Velocity

Section 4

Section 5

I II III IV V

2 s 4 s 7 s 9 s

0 3 6 9 12 15

−0.5

−0.4

−0.3

−0.2

−0.1

0.0

0.1

−0.5

−0.4

−0.3

−0.2

−0.1

0.0

0.1

D
is

p
la

ce
m

en
t 

(m
m

)

3 6 9 12 150

Time (s)

(c) Displacement

Figure 12: Time history of the (a) acceleration, (b) velocity, and (c) displacement at point D.

Driving direction

I

II

∞ 25m

33m 8m

8m

∞

III

IV

V

Figure 13: Various periods corresponding to the running position of the train.



Shock and Vibration 13

2D element stress
Von Mises stress
unit (kN/m2)

+1.97561e + 002

+1.85660e + 002

+1.73760e + 002

+1.61859e + 002

+1.49959e + 002

+1.38058e + 002

+1.26158e + 002

+1.14257e + 002

+1.02357e + 002

+9.04565e + 001

+7.85561e + 001

+6.66556e + 001

+5.47552e + 001

+4.28547e + 001

+3.09543e + 001

+1.90538e + 001

+7.15334e + 000

0.2%

0.6%

1.6%

3.7%

5.8%

7.1%

7.8%

7.1%

7.6%

8.5%

8.0%

7.9%

9.1%

12.9%

10.9%

1.2%

(a) Condition 1

2D element stress
Von Mises stress
unit (kN/m2)

+2.04767e + 002

+1.93104e + 002

+1.81441e + 002

+1.69778e + 002

+1.58115e + 002

+1.46452e + 002

+1.34789e + 002

+1.23126e + 002

+1.11463e + 002

+9.97995e + 001

+8.81364e + 001

+7.64733e + 001

+6.48102e + 001

+5.31471e + 001

+4.14840e + 001

+2.98209e + 001

+1.81578e + 001

0.2%

0.7%

2.2%

4.7%

6.6%

7.0%

8.4%

8.8%

8.7%

7.6%

8.0%

12.4%

10.8%

6.9%

5.0%

2.0%

(b) Condition 2

Figure 14: Von Mises stress (unit: kPa).

at the same time in the time-history curves, which show
the overlapping of a real velocity register and the obtained
from the numerical model. �e velocities of four points are
consistent with eld data, which indicate that the model
in this paper can quantitatively re�ect the actual vibration
response of structure.

6. Concluding Remarks

Vibration response induced by tunnel vehicle load andmetro
train load to the structure of shield tunnel was analyzed
by applying 3D dynamic nite element model in this study.

�rough the above case analysis and results, we can obtain
the following conclusions and perspectives.

(1) �e numerical simulation results were validated by
the data registers measured in eld tests. �e results
show that the modelling procedure is consistent with
the actual situation and can be used to predict the
vibration response of a similar underground struc-
ture.

(2) �e motor vehicle load only a�ects the metro tun-
nel within 14m from the centre, and the in�u-
ence decreases progressively from vault to spandrel,
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Figure 16: On-site monitoring [33].

haunch, and springing. So, in the process of engineer-
ing design, attention should be paid to the vibration
response of the vault within this range and it should be
conducted by taking some damping measures when
necessary.

(3) �e running train has ve periods for vibration
response, namely, close period, rising period, stable
period, declining period, and leaving period. �e
location of the locomotive corresponding to the study
point in these periods is [−∞, −25], [−25, 8], [8, � −33], [� − 33, � − 8], and [� − 8, +∞], respectively.
�e original point will be the existence of vibration
response only in the middle three stages, which
is conducive to the range choice of research time
and space, and provides a theoretical basis for the
development of various periods of the evaluation
criteria.

(4) Due to vehicle load, the stress of the metro tunnel
lining near Yongningmen tunnel has been improved
substantially increasing from vault to haunch and
decreasing slightly at springing. �erefore, the stress
value at haunch should be considered carefully.

(5) With the increasing of the tunnel and subway systems
around theworld, specically theNorthwest of China,

such as Lanzhou, Xi’an, and Taiyuan, there will be a
lot of cross tunnel structures. �e vibration response
cannot be ignored because the train vibration will
bring serious impact to the existing engineering
structure, especially the ancient buildings. Moreover,
since the formation is similar in that region, loess has
a wide distribution, and the conclusions of this paper
will have a certain reference value for further research
and practical application in the Northwest of China.

(6) Numerous studies utilizing dynamic nite element
method to solve the vibration problem, the eld
observation datasets, and numerical simulation
results were compared, but we only concentrated
on acceleration, velocity, and displacement. We can
strengthen the research results in the stress response
and then study the relationship between vibration
peak velocity and stress, making a complete system
to evaluate the e�ect of structural vibration.
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