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Abstract: Dynamic time history analysis is a powerful and effective method to study the seismic
response of tunnels, the dynamic time history to analyze the seismic response of the tunnel in the
typical subway in this paper. The analysis results show that the overall levelling of the tunnel will
not affect the tunnel too much, and the seismic response of the tunnel is mainly related to the relative
displacement of the ground around the tunnel. The analysis results show that the internal force of
the tunnel and the tunnel inclination have a good linear relationship, and the tunnel inclination can
be used to measure the magnitude of the seismic response of the tunnel.
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1. Introduction

Compared to traditional construction methods such as cut-and-cover, the shield construction
method has significant advantages such as minimal impact on the surrounding environment,
construction not restricted by terrain and topography, small footprint and wide applicability to
various geological conditions. Based on these characteristics, the shield construction method has
become the preferred choice for modern urban tunnel construction in soft soil areas compared to
other underground construction methods, and is widely used in the construction of urban subway
tunnels, river crossing tunnels, water supply pipelines, power tunnels and other urban engineering
projects.

Meanwhile, there have been several major earthquakes around the world in recent decades [1-
3]. The devastation caused by earthquakes is horrific, with incalculable casualties and economic
losses. Historically, structural damage from earthquakes has been rare due to the relatively small
number of underground structures. As a result, traditional perceptions of the seismic performance of
underground structures have been overly optimistic. However, the occurrence of the Kobe
earthquake [4-6] in Japan in 1995 raised concerns about the seismic performance of underground
structures. In the Kobe earthquake, the drainage pipe system, one of the lifelines of modern cities,
suffered fractures, cracks and joint separation, resulting in loss of function. Kobe's major subway
stations were also badly damaged, and the subway tunnels suffered minor damage. The Chi-Chi
earthquake [7-9] in Taiwan in September 1999 and the Wenchuan earthquake [10,11] in May 2008
also caused some damage to underground structures[12-14].

In the case of tunnels, even if they do not collapse completely in an earthquake, extensive
damage that affects their use may be difficult to repair [15]. Therefore, it is important to consider the
seismic performance of tunnels [15-17]to ensure their safety and to meet the seismic requirements of
shield tunnels in modern society.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Numerical analysis methods are essential for studying the seismic resistance of shield tunnels
[18,19]. With the rapid development of computer technology, numerical analysis methods have made
significant progress. These methods consider a wider range of factors, allowing detailed analysis of
the combined effects of various factors to better meet engineering requirements. Research on
numerical methods [20,21] has attracted much attention from scholars around the world and has
produced many results. When studying the seismic characteristics of tunnels, the use of numerical
calculation methods makes it possible to simulate soil layers, tunnel linings, etc., to treat the soil,
foundation and structural parts of the site as a whole calculation, to obtain the dynamic response of
the structure and the soil, to consider the dynamic properties of the soil such as heterogeneity and
nonlinearity, to analyse the combined effects of several factors, and to make the structural analysis
more realistic, such as different seismic wave effects, different constitutive models and different
terrain conditions[22].Many studies also have proposed various indicators to measure the damage
index of tunnels in earthquakes, such as lateral convergence of tunnels[23], deformation rate[24], joint
angle[25]., etc.

The seismic calculation methods and damage indicators of tunnels are complicated and difficult
to apply in engineering design. In order to make the seismic analysis of shield tunnels widely used
in the design, this paper analyses a typical underground tunnel by using the dynamic time history
analysis method, establishes the relationship between internal forces and deformation of tunnels in
the earthquake, and proposes the tunnel inclination, which is used to measure the dynamic response
of tunnels in the earthquakes.

2. Dynamic Time-History Analysis of the Shield Tunnel

A shield tunnel section of the Metro is selected for dynamic time-history analysis of its seismic
response, analysing the tunnel's internal force response, deformation response.

2.1. Model Calculation Range

To mitigate the artificial boundary surface reflection waves in dynamic calculations, the
calculation Range can be increased to dissipate the reflection waves by using the inherent damping
effect of the soil. However, if the computational domain is too large, it will increase the computational
cost and reduce the work efficiency. By setting free field boundary conditions around the calculation
model, the free field can be effectively simulated, reducing the impact of reflected waves. Therefore,
the calculation area of the model should be selected reasonably. Professor Lou Menglin's research
(1999) showed that when the ratio of the size of the foundation plane to the size of the structure plane
is greater than 5, the dynamic calculation results tend to be stable and the effect of the lateral
boundary can be ignored. The experimental results of Chen Yueqing (2001) also show that if the ratio
of the size of the free field plane to the width of the model structure is greater than 2, the effect of the
lateral boundary can be ignored. Based on the above principles, the width of the computational model
in this example is set to 100m.

In dynamic time-history analysis, it is generally advisable to select the soil layer with a seismic
shear wave velocity greater than 300 m/s as the seismic bedrock surface. The soil layers at 70m depth
generally meet this condition, so the depth of the calculation model can be set to 70m.

2.2. Model Calculation Parameters

The tunnel is constructed by shield method, and the whole ring of segment is divided into one
top block F (16°), two adjacent blocks L (65°), two standard blocks B (65°) and one bottom block (84°),
and the blocks are connected by M30 bolts, with an outer diameter of 6.2m and an inner diameter of
5.5m, and the lining ring is as shown in Figure 1, and the depth of burial of the center of the tunnel is
-17.1m, and the soil layers through which the tunnel passes are mainly layer @ soil and layer 51
soil. The material parameters of each soil layer are shown in Table 1.
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Figure 1. Tunnel cross-section lining ring.

Table 1. Soil parameters.

Layer Thickness Unit Weight . Coefficient of Static Lateral Shear Wave

. Pressure Ko Velocity Vs

No. (m) Y(kN/m3) (kPa) (°) (m/s)
® 2 18.4

@) 10.8 18.5 4 29 0.4 220.4
@ 5.5 17 13 10.5 0.55 161.2
Gx 3.7 17.8 14 12 0.5 191.1
®» 9.9 18.2 4 285 0.4 194
®:s 16.7 18.2 14 15.5 0.47 195.1
214 184 20 175 0.47 320

The reinforced concrete pipe sheet is made of C50 high-performance concrete, and its material
parameter indicators are shown in Table 2.

Table 2. Parameters of reinforced concrete segment.

Material Elastic Modulus (MPa) Poisson's Ratio
C50 Concrete 3.45E+4 0.18

2.2. Treatment of Seismic Waves

An artificial seismic wave with a maximum acceleration of 0.1 g at the surface is selected for the
calculation, and in order to eliminate the residual velocity and displacement of the seismic wave, the
seismic wave is baseline-corrected so that the final velocity and displacement of the seismic wave are
0. The acceleration time scale, velocity time scale, and displacement time scale of the bedrock input
seismic wave used in the example are shown in Figures 2—4.
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Figure 2. Seismic wave acceleration time history.
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Figure 4. Seismic wave acceleration time history.

2.3. Division of the Grid

In the direction of seismic wave propagation,, the maximum grid size should be less than 1/8 of
the wavelength corresponding to the highest frequency of the input waveform, and the maximum
cell sizes for different soil materials and tunnels to satisfy the accuracy of the dynamic calculation are
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given in Table 3. With this as a limiting condition the computational model can be meshed and the
meshing is shown in Figure 5

Table 3. Requirements for grid size.

Maximum
Material Frequency of  Shear Wave Velocity (m/s) Maximum Grid Size (m)
Seismic Waves (Hz)

®) 220.4 1.84

@ 161.2 1.34

Gx 191.1 1.59
15

®2 195.1 1.62

®s 195.1 1.63

320 2.67

Figure 5. Tunnel Calculation Grid.

2.4. Tunnel Seismic Calculation Process

After the calculation model is established, the calculation can be started, and the calculation
process is mainly divided into three steps:

(1) Calculation of soil gravity stress field

The bottom of the calculation model is constrained in the horizontal and vertical directions, the
sides are constrained in the horizontal direction and free in the vertical direction, so that the soil body
reaches equilibrium under the action of self-gravity, that is, the calculation of the soil body's self-
gravity stress field is completed.

(2) Tunnel excavation analysis

Excavate the soil body in which the tunnel is located and impose the lining unit to simulate the
lining after the equilibrium calculation, that is, complete the tunnel excavation calculation.

(3) Calculation of the tunnel dynamic time history

The soil body is given the corresponding damping parameters, the free field boundary is applied
around the model, the viscous boundary is applied at the bottom, and the seismic effect is input at
the bottom to start the calculation, and after the vibration of the model stops, the calculation reaches
equilibrium, which is the completion of the calculation of the tunnel dynamic time history.

3.Analysis of the Results of Seismic Response Calculations for Metro Tunnels

3.1. Internal Force Response Analysis
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Under seismic loading, the internal force of the tunnel structure may be greater or less than
under conventional loading, Figures 6 and 7 show the envelope diagrams of the bending moment
and axial force of the tunnel under seismic loading, respectively. From Figure 6 it can be seen that the
bending moments at 0°, 90°, 180° and 270° of the tunnel are greater under conventional loading, while
the bending moments at these locations do not vary greatly under seismic loading, and a similar
pattern can be found in Figure7, which indicates that the seismic loading does not have too great an
effect on the bending moments and axial forces at 0°, 90°, 180° and 270° of the tunnel.
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Figure 6. Bending moment envelope of the tunnel under seismic.
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Figure 7. Axial force envelope of the tunnel under seismic.

Table 4 shows the distribution of the extreme values of the bending moments and axial forces in
Figures 6 and 7. It is easy to see from Table 4 that the distribution of the extreme values of the bending
moments and axial forces under seismic loading is quite different from that under conventional
loading, and none of them appear in the parts where the bending moments under conventional
loading are large, such as at 0°, 90°, 180°, 270°, etc. The maximum values of the bending moments
occur at 169°, 180°, 270°, etc. The maximum value of the bending moment occurred at 169°, which
was 18.2% larger than the conventional bending moment at the corresponding location, and the
maximum value of the negative bending moment occurred at 253°, which was 43.6% larger than the
conventional bending moment at the corresponding location.
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Table 4. The extreme values of internal forces in tunnels.

253°
169° i 249° 343°
) (maximum )
(maximum . (maximum (minimum
. negative . .
positive moment) axial force) axial force)
moment)
Maximum
bending moment 7743 -38.94 -30.81 70.61
(kNm)
Minimum
Bending Moment 55.07 -83.98 -83.69 30.89
(kNm)
Conventional
bending moment 65.49 -58.48 -53.98 47.80
(kNm)
Maximum rate of
change of 18.2% 43.6% 55.0% 47.7%
bending moment
Maximum
. 693.50 740.40 741.90 651.10
axial force (kN)
Minimum
. 677.85 717.55 715.35 629.00
axial force (kN)
Conventional
. 690.60 722.30 722.25 643.90
axial force (kN)
Maximum rate of
1.8% 2.5% 2.7% 2.3%

change of axial force

Figure 8 shows the variation of the tunnel bending moment with time under the effect of the
earthquake. Consistent with the bending moment envelope shown in Figure 1.6, the tunnels at 180°
and 270° are less affected by the earthquakes, with a small range of variation of less than 10kNm. The
tunnels at 169° and 253° are more affected by the earthquakes, with a range of variation of about
22kNm at 169° and about 45kNm at 253°.
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Figure 8. Time history of tunnel bending moment under seismic.

Due to the different burial depths of the top and bottom of the tunnel, there is generally a relative
displacement between the surrounding soils under seismic action, and Figure 9 shows the changes
in the relative displacement of the surrounding soils under seismic action. From Figure 1.9 it can be
seen that the relative displacement of the ground at the top and bottom of the tunnel reaches its
maximum value in the positive and negative directions after the earthquake for 7.32 s and 7.58 s
respectively, which is 0.45 cm and 0.35 cm. From the error! Reference not found. Figure 1.8 shows
that, except for a few points (at 169°), the bending moment of the tunnel reaches the maximum or
minimum value after the earthquake occurs at about 7.32 s and 7.58 s. This indicates to some extent
that, due to the restraining effect of the soil around the tunnel, the seismic response of the tunnel is
closely related to the relative displacement of the surrounding soil, and the greater the relative
displacement of the soil near the top and bottom of the tunnel, the greater the bending moment
generated by the tunnel. The greater the relative displacement of the ground near the top and bottom
of the tunnel, the greater the bending moment generated by the tunnel.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0163.v1

© (7.32,0.45)

o o
>

cm)
© O O © oo
A WO N -~ O =~ N W®

(

o

hottom of the tunnel

o O O O

- (7.58,-0.35)

Relative displacement at top and

0 3 6 9 12 15 18 21
Time(s)

Figure 9. Relative displacement of the top and bottom of the tunnel under seismic.

Under seismic loading, the axial force of the tunnel is relatively small compared to the bending
moment, even the axial force in the largest part of the tunnel (249°) increases by only 2.7% compared
to the axial force under conventional loading. Figure 1.10 shows the time history of the axial force at
249° of the tunnel, which fluctuates within a range of about 27 kN, and the maximum axial force is
reached here after 7.32 s of the seismic event, which is the same time as the maximum relative
displacement of the ground near the top and bottom of the tunnel. The time at which the axial force
reaches its maximum is also consistent with the time at which the relative displacement of the ground
near the top and bottom of the tunnel reaches its maximum, showing that the magnitude of the axial
force and the relative displacement of the ground around the tunnel are also correlated.
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Figure 10. Time history of tunnel axial force under seismic.

3.2. Deformation Response Analysis

Under the action of the artificial wave, the extreme value of the internal force of the tunnel
generally occurred in the vicinity of 7.32s and 7.58s after the occurrence of the earthquake. In order
to further analyse the relationship between the change in the internal force of the tunnel and the
displacement of the surrounding soil body under the action of the earthquake, Figure 1.11 shows the
deformation of the tunnel under the action of the soil body after the earthquakes occurred at 7.32s,
7.58s and 7.92s, and the dashed circle indicates the initial state of the tunnel when the earthquake did
not occur, i.e. 0.00s. The dashed circle indicates the initial state of the tunnel when the earthquake did
not occur, i.e. 0.00s, and the solid line indicates the state of the tunnel after the earthquake. To make
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the deformation of the tunnel more visible, the displacements in the figure have been magnified by a
factor of 300. Figures 1.12 and 1.13 show the changes in bending moment and axial force of the tunnel
after 7.32s, 7.58s and 7.92s respectively.

As shown in Figure 11, after the 7.32s earthquake, the x-direction displacement of the tunnel
vault at point A was -1.07cm, and the x-direction displacement of the vault floor at point B was -
1.52cm; after the 7. 58s, the x-direction displacements of the vault and the arch bottom were -3.25cm
and -2.9cm, respectively; after the earthquake occurred 7.92s, the x-direction displacements of the
vault and the arch bottom reached -4.08cm and -4.09cm, respectively. Comparing with Figure 12 and
Figure 13, it can be seen that when the earthquake occurred at 7.32s, the total displacement of the
tunnel was relatively small, but the relative displacements of each part of the tunnel were larger, the
shape change was large, and the corresponding bending moment and axial force were large, while
the total displacement of the tunnel was larger, but the relative displacements of each part were small,
the shape change was small, and the corresponding bending moment and axial force were large. After
7.92s, the total displacement of the tunnel is larger, but the relative displacement of each part is
smaller, the shape change is small, and the corresponding bending moment and axial force change
are small, which indicates that the total displacement of the tunnel caused by the earthquake does
not bring a large additional internal force to the tunnel, and the main reason for the change in the
internal force of the tunnel is the relative displacement of each part of the tunnel.

7328 = =eeeee- 0.00s
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- -1.52cm N
(a) 7.32s after the earthquake
758s 0 eeeee-- 0.00s
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29m B 7

(b) 7.58s after the earthquake
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Figure 11. Deformation of the tunnel under seismic.

100

80
= 60
Z 40

.m

Bending moment(k

o &» AN )
SO 6 o & o o

-100 . ) ) ) L L L
0 45 90 135 180 225 270 315 360

Degree (°)

(a) 7.32s after the earthquake

100

H O
o O O
T

20

0 45 90 135 180 225 270 315 360
Degree (°)

(b) 7.58s after the earthquake



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0163.v1

12

100

ZBending moment(kN.m)

0 45 90 135 180 225 270 315 360
Degree (°)

(c¢) 7.92s after the earthquake

Figure 12. Bending moment of the tunnel under seismic.
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Figure 13. Axial force of the tunnel under seismic.

If the bottom of the tunnel is taken as an immobile point, the displacement of other points in the
tunnel relative to the bottom of the tunnel can be obtained. Figure 1.14 shows the relative
displacement of the tunnel after the earthquake at 7.32 s and 7.58 s. Similarly, the dashed circle shows
the initial state of the tunnel without the earthquake and the solid line shows the state of the tunnel
after the earthquake, and the displacements in the figure have been magnified by a factor of 300. The
lines AA, BB, CC and DD in Figure 1.14 are the diameters between 0° and 180°, 45° and 225°, 90° and
270°, and 135° and 315°, in that order. Combined with Figures 1.12 and 1.13, it can be seen that when
the tunnel vault undergoes a positive x-displacement with respect to the bottom of the tunnel, the
bending moments in the ranges 0° to 90° and 180° to 270° decrease while the axial forces increase,
and the bending moments in the ranges 90° to 180° and 270° to 360° increase while the axial forces
decrease. When the negative x-displacement of the tunnel vault occurs relative to the bottom of the
tunnel, the change rule of bending moment and axial force is just the opposite, the bending moment
increases and the axial force decreases in the range of 0° to 90° and 180° to 270°, and the bending
moment decreases and the axial force increases in the range of 90° to 180° and 270° to 360°. These
rules of change are to the tunnel diameter AA and diameter CC as the dividing line and change,
indicating that there is a certain relationship between the change in the internal force of the tunnel
and the change in the tunnel diameter.

(a) 7.32s after the earthquake (b) 7.58s after the earthquake

Figure 14. Relative displacement of the tunnel under seismic.
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In order to measure the magnitude of the deformation of the tunnel, the rate of change of the

tunnel diameter can be used as a benchmark, which is defined in equation (1).
D -D
AD=——— (1)
D

It is worth noting that the relative displacements at 7.32 s and 7.58 s of the tunnel are
approximately symmetrical about the diameter from 0° to 180°, as shown in Figure 15, and
accordingly the bending moments and axial forces at the corresponding moments are also
approximately symmetrical about the diameter from 0° to 180°, as shown in Figure 16 and Figure 17.
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Figure 16. Comparison of bending moment of the tunnel under seismic.
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Figure 17. Comparison of axial force of the tunnel under seismic.

If the tunnel is a symmetrical structure, the direction of the relative displacement does not affect
the magnitude of the internal forces in the tunnel. The magnitude of the internal forces in the tunnel
is only related to the magnitude of the relative displacement, which increases the extreme value of
the internal forces in the tunnel and decreases the extreme value of the internal forces in the tunnel
as the relative displacement decreases. Therefore, the tunnel inclination can be considered as a
measure of the seismic effect on the tunnel. The definition of tunnel inclination is given in equation

)
$=96/D 2)

where is @the tunnel inclination, is §the displacement of the top of the tunnel relative to the bottom,
and Dis the outer diameter of the tunnel. When the displacement of the top of the tunnel relative to
the bottom is in the direction of error! Source not found. The tilt is positive when the agreed x-
direction is positive, and negative when the relative displacement is negative.

3.3. Analysis of the Relationship between Internal Forces and Tunnel Inclination

Figures 1.18 to 1.25 show the relationship between the internal forces and the tunnel inclination
at various representative locations. Figures 1.18 to 1.21 show the extreme points of the internal forces
in the tunnel according to Table 1.4; Figures 1.22 and 1.23 show the locations where there is little
change in the internal forces under seismic action, such as the bottom of the tunnel (at 180°) and the
horizontal diameter of the tunnel (at 270°); Figures 1.24 and 1.25 show the locations where the positive
and negative bending moments change considerably under seismic action (at 45° and 135°). Figures
1.24 and 1.25 show the parts of the tunnel where the positive and negative bending moments change
considerably under seismic action (at 45° and 135°).

From Figure 18 to Figure 25, it can be seen that there is a linear relationship between bending
moment and inclination in all parts of the tunnel and the fit is high, and there is also a linear
relationship between axial force and inclination but the fit is not as high as that of bending moment.
This is because under seismic action, the magnitude of change in bending moment is relatively large,
and the magnitude of change in axial force is relatively small, the local difference in bending moment
is small relative to the magnitude of change, and therefore does not affect the overall fitting results,
while the local difference in axial force is large relative to the magnitude of change, and then it affects
the overall fitting results, and this is particularly evident at the horizontal diameter of the tunnel
(270°), where the magnitude of change in the internal force is small , which has the worst fitting
results. However, in general, under seismic action, the internal forces of the tunnel and the tunnel
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inclination basically show a good linear relationship, and it is feasible to use the tunnel inclination to
measure the magnitude of the internal forces of the tunnel under seismic action.
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Figure 18. Relationship between internal forces and tunnel inclination at the maximum positive
bending moment (169°) under seismic.
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Figure 19. Relationship between internal forces and tunnel inclination at the maximum negative

bending moment (253°) under seismic.
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Figure 20. Relationship between internal forces and tunnel inclination at the maximum axial force

(249°) under seismic.
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Figure 21. Relationship between internal forces and tunnel inclination at the minimum axial force
(343°) under seismic.
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Figure 22. Relationship between internal forces and tunnel inclination at 180° of tunnel.
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Figure 24. Relationship between internal forces and tunnel inclination at 45° of tunnel.
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Figure 25. Relationship between internal forces and tunnel inclination at 135° of tunnel.

4. Conclusions

A typical metro shield tunnel is calculated by dynamic time-history analysis, and the tunnel
inclination was introduced to analyse the seismic response characteristics of metro shield tunnels
under the action of artificial seismic waves, and some laws of the seismic response of metro tunnels
were summarized.

(1) Under seismic action, the distribution of both bending moment and axial force of the tunnel
changes, and the location of their extreme point is different from that under conventional loading.

(2) Under seismic action, the bending moment of the tunnel has a large fluctuation, while the
axial force fluctuation is relatively small. Meanwhile, the bending moments at 0°, 90°, 180°, 270° and
other parts of the tunnel change less under seismic action, while the bending moments at 45°, 135°,
225°, 315° and other parts of the tunnel alternate between positive and negative with a larger
fluctuation.

(3) Under seismic action, the bending moment decreases and the axial force increases in the parts
of the tunnel whose diameters are subjected to tension, while the bending moment increases and the
axial force decreases in the parts of the tunnel whose diameters are subjected to compression.

(4) The overall levelling of the tunnel will not affect the tunnel too much, and the seismic
response of the tunnel is mainly related to the relative displacement of the soil surrounding the
tunnel, which increases, and the corresponding changes in internal forces and deformations of the
tunnel also increase.

(5) The change of the internal force of the tunnel and the tunnel inclination show a good linear
relationship, and the tunnel inclination can be introduced to measure the magnitude of the seismic
response of the tunnel.
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