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Abstract

With the rapid development of modern transportation construction, the con-
struction of cross-harbor tunnels has solved the problem of traffic connection
between cross-straits, bays and islands. The construction of sub-sea tunnels
has technical difficulties such as high difficulty of marine geological survey,
close hydraulic connection between strata and seawater, and more developed
adverse geology. Based on this, this paper studies the mechanical character-
istics of the submarine tunnel under seismic action at the active fault. Firstly,
the mechanical model of the universal fault interface is established, and the
calculation model of the fault interface is theoretically derived by the method
of vibration mechanics, and the influence of the change of the strength of the
contact surface and the stiffness of the surrounding rock on both sides of the
fault on the transfer coefficient is obtained. Secondly, based on the ground
motion input method of two-dimensional homogeneous half-space field, the
relevant program of viscoelastic artificial boundary ground motion input is
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written by MATLAB program, which lays the foundation and premise of
load input for mechanical response calculation. Finally, the outcomes of the
tunnel parameters and the interplay between the tunnel and the surrounding
rock on the cracking of the tunnel lining shape and the mechanical response
of the cross-fault sub-sea tunnel underneath seismic motion are mentioned,
and it is concluded that the increase in seismic intensity for different seismic
intensities under the sea floor has an essentially constant proportion to the
increase in acceleration of the seismic response; the seepage effect under
the sea floor for the tunnel lining structure reduces the seismic response
displacement, velocity and The seabed seepage for the tunnel lining structure
reduces the peak seismic response displacement, velocity and acceleration by
about 20-35%.

Keywords: Mechanical properties, tunnel mechanical response, earthquake
load, submarine fault.

1 Introduction

In addition to the 9.6 million square kilometers of land area, China has
3 million square kilometers of marine land, a coastline of 18,000 kilometers
and numerous islands and bays. In response to the requirements of the
planning outline, the demand for cross-sea links between China’s coastal
areas and between islands and land has increased accordingly. Among the
various modes of transportation across the sea, the cross-harbor tunnel has
become the most preferred option due to its strong resistance to damage, all-
weather operation, low maintenance costs and low impact on the ecological
environment. According to incomplete statistics, more than a hundred cross-
sea and strait traffic tunnels have been built in the past hundred years,
among which, the famous cross-sea tunnels abroad include Japan’s Seikan
Strait Tunnel, English Channel Tunnel, Japan’s Tokyo Bay Cross-Harbor
Tunnel, Denmark’s Strobel Strait Tunnel and so on [1-3]. China is a late
starter in the construction of cross-harbor tunnels and has completed the
construction of. The most important cross-harbor tunnel projects in China
include Xiamen Xiang’an Cross-Harbor Tunnel, Qingdao Jiaozhou Bay
Cross-Harbor Tunnel, Hong Kong-Zhuhai-Macao Bridge Cross-Harbor Tun-
nel and Xiamen Haicang Cross-Harbor Tunnel, which was officially opened
to traffic on June 17 [4, 5].

On the one hand, the lining structure of the sub-sea tunnel is subjected
to more diverse loading effects, and in addition to the static load of the
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overlying rock layer, the static load of seawater is also taken into account;
on the other hand, the rock body in which the tunnel is located is a fractured
saturated water medium. As the coastal areas along the edge of the ocean
and continental shelf are zones of strong seismic activity, the construction
of cross-harbor tunnels is mostly located on the edge of the continental
framework and islands, and the tunnel alignment also takes into account the
requirements of traffic functions, so that cross-harbor tunnels will inevitably
cross seismic activity zones. In the case of the famous Qing Han Cross Harbor
Tunnel, for example, the construction route inevitably passed through more
than a dozen major faults, which made the construction process very difficult.
The 1906 San Francisco earthquake in the USA caused severe damage to the
San Andreas Dam catchment tunnel, with a local misalignment of 2.4 m;
the 1930 North Izu earthquake in Japan caused a horizontal 2.39 m vertical
0.6 m misalignment at the Tanna fault in the Tanna railway tunnel under
construction In 1978, another earthquake occurred in Japan, and the Anatoli
Tunnel, which crosses a large fault, suffered severe damage to its back arch
and lining, with the steel reinforcement being pulled out and the cross-section
of the lining severely deformed, causing the tunnel traffic track to bend and
derail (as shown in Figure 2); in 1999, a major earthquake of magnitude 6
occurred in Taiwan, China, and according to statistics, at least 30 km from
the fault zone where the earthquake occurred, at least At least 40 tunnels
of varying sizes suffered varying degrees of damage. As an important part
of lifeline projects, tunnels have a high investment in construction and a
long service life. When the structure is damaged by external loads such
as earthquakes and seepage, the damage caused by the underground rescue
and post-disaster repair is difficult, resulting in an engineering disaster that
causes incalculable casualties and economic losses. With the construction
and development of large span and long distance cross-harbor tunnels, the
impact of earthquakes and faults on cross-harbor tunnels has become more
and more significant, and the safety analysis and design of cross-harbor
tunnels under the action of active faults has become an important issue that
must be addressed and faced in the field of underground tunnel engineering
research at home and abroad [6-8].

Since the decision to fully launch the planning and construction of the
Sichuan-Tibet Railway at the third meeting of the Central Finance and
Economics Commission in 2018, the construction of the Sichuan-Tibet Line
has become a top priority for national infrastructure projects. The Sichuan-
Tibet line faces extremely harsh engineering and geological conditions, with
undulating terrain, frequent strong earthquakes and high seismic intensity [9].
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Figure 1

Figure 2 Schematic diagram of the tunnel collapse through the fault activity zone.

Approximately 80% of the route will be through tunnels, many of which will
be extra long and long. It is inevitable that the tunnels will have to cross fault
zones, which are prone to earthquakes, and if the faults are misaligned, this
will have a huge impact on the tunnel structure and its seismic resistance.
This is a key and difficult project for tunnel construction, so it is in particular
essential to analyze the seismic response of cross-fault tunnels. However,
lookup on the dynamic response of cross-fault tunnels in China has been
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sluggish and inadequate statistics is available, so this paper addresses the
difficulty of seismic response of cross-fault tunnels in depth.

2 Theoretical Analysis and Calculation of Seismic
Dislocation Mechanics at Fault Interfaces

The methods of seismic analysis of modern engineering structures are
mainly divided into theoretical analysis, experimental research and numerical
simulation. Theoretical analysis is to classify things according to their char-
acteristics, and then study their laws through comprehensive analysis. Since
theoretical analysis is based on relevant professional theories, the analysis
results have certain accuracy and universality, which can provide theoretical
basis for experimental research and numerical simulation. However, for com-
plex working conditions such as fluid problems and viscoelastic problems, the
accuracy of theoretical analysis solutions is greatly reduced. Experimental
research method establishes the connection between theory and empirical
facts, the experimenter has the independence and autonomy, can put forward
the hypothesis and verify its accuracy, and the result is more convincing than
other methods. In recent decades, experimental research has become the basic
method of earthquake research, which provides effective validation calcula-
tion data for many theoretical analysis and numerical simulation. Numerical
simulation method, also known as numerical analysis method, was born in
1953, relying on the rapid development of modern electronic computers, this
method is widely used in various scientific research fields. Using computer
as computing platform, researchers have successfully solved a series of aca-
demic problems represented by nonlinear problems. Moreover, the numerical
simulation method can not only obtain the result of the problem, but also
show the development of things continuously and dynamically and repeatedly
at any time, and understand the detailed process of its whole and part.
Therefore, numerical simulation has become a more effective engineering
research method besides theoretical analysis and experimental research.

It is a complicated dynamic problem to consider the nonlinear of rock
mass and the fluid-structure coupling of seawater and rock mass in seis-
mic response analysis of submarine tunnel at the junction of strata. In this
chapter, the basic theory of finite element analysis, fluid-structure coupling
algorithm, dynamic artificial boundary and seismic wave selection and input
are discussed, and the actual situation is improved to achieve more accurate
numerical simulation results.
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The dynamic response of tunnel buildings in the surrounding rock
underneath seismic motion is complex, and the equivalence of the dynamic
response of tunnel constructions in a extraordinarily easy and comprehensible
way is a key difficulty for many researchers in the area of tunnelling. When a
tunnel shape crosses a fault area with a massive width, the surrounding rock
and the fault can be equated as two sliders, which have interaction with every
different thru the intermediate contact surface. In a seismic overburden, the
surrounding rock and the fault are concurrently disturbed with the aid of
seismic waves transmitted up from the backside. Due to the extraordinary
bodily and different houses of the surrounding rock and the tunnel, the two
are subjected to uncoordinated deformation and seismic dislocation through
the seismic wave disturbance, which can have a very terrible have an effect
on on the tunnel structure. Therefore, it is quintessential to look into the
dynamic response of tunnel buildings crossing faults in robust earthquake
zones. In this chapter, the dynamic response of the fault interface is associated
to the frequency ratio and damping in accordance to vibration mechanics.

2.1 Fault Interface Mechanics Model

During the earthquake, uncoordinated deformation of the rock and soil our
bodies on each aspects of the fault interface occurs, and when the fault width
is large, then the surrounding rock our bodies on each facets of the fault
interface can be imagined as two sliding blocks with mass, then the sim-
plified mechanical mannequin of the fault interface is schematically proven
in Figure 3. Where it is assumed that the surrounding rock has a stiffness of,

n y2

m

ki
¢

3 1A TR 3 3 AL T
SN SO, NN NS, N TR
Figure 3 Simplified mechanical model of the surrounding rock on both sides of the fault
interface.
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damping of C and mass of m. The fault envelope has a stiffness of k, damping
of C and mass of m, and the fault interface is set stiff [10, 11].

2.2 Theoretical Derivation of the Fault Interface Mechanical
Model

Let Yy be the change of foundation displacement under the action of strong
vibration, and y; and yo be the absolute displacement of two masses. Let
ui, ug be the displacement of slider 1 and 2 relative to their respective
equilibrium. Then there are:

ur =y — Yo (D
up =y — Yo 2)

For the left part of the mechanical model, according to the force on the
slider my then we have:
fi =k
3)

f2 =y
For the right-hand part of the mechanical model, the force on the slider
my is then given by:
f3=ks(y1 — y2)
fa = kaya 4)
fs = cays
Then there are equilibrium equations corresponding to the sliders m; and
msy as shown in the following equations.

—fi—fo—fs=mi(Yo+y1) 5)
—fa— f5+ fz3 = ma(Yo + y2)"
Equations (3) and (4) are substituted into (5) to give:
miy] + ki + cyl + k3(yr — y2) = —ma Yy ©
mayy + kaya + cayy + ka(y1 — y2) = —maYy'
Decomposing Equation (6) yields Equation (7).
(k1 + k3)y1 + c1yy +may] — kaya = —ma Yy o
(k2 + k3)yr + coyy + mayy — kayr = —maY(/'
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For ease of solution, Equation (7) is solved in the complex domain,
assuming that the equation is caused by a strong earthquake with a foundation
displacement of Yy = Ag(cos(wnt) + isin(wyt)), and with respect to Yj the
second order derivative equation:

Yy = Ag(—cos(wpt)w?) — isin(w,t)w?) (8)

n n

Where w,, is the instantaneous excitation frequency caused by ground
shaking.
Also, the solution of the equation can be made to be

x1 = Upent
To = Ugeiw”t} (9)
Deriving for y1, y2 and Y{, we have:
Yy = iUhwyent
yi = —Urwpent (10)

yh = iUswpent
yé/ — _U2wn2€zwnt

Where U; and U, are the complex amplitudes. Substituting Equations (8),
(9) and (10) into (7), we get

(icrwn, — mywn’ + ki + kg)eiw"tUl — kgUpe™nt
= —my Ag(—cos(wnt)w,?) — isin(w,t)w,?) (11)
— ksUge™nt + (icowy, — mgwg + ko + kg)eiw"tUg
= —mpAg(—cos(wnt)w?) — isin(wnt)w?) (12)
Equation (11) is expanded to give Equation (13).
iclUlwieiw”t — mlUlwzei“’"t + k‘lUleeiw"t + kU e™rt — kgUse'nt
= my Agwp et (13)
Equation (12) is expanded to give Equation (14).
z'cQUgwaeiw"t — mgUgwaeiw"t + kQUngeiw"t + kU e™nt 4 kgUge™nt

= myAgw?ent (14)
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Assuming that the instantaneous frequency w,, at which the earthquake
occurs is not a solution to the equations in Equations (13) and (14), it follows
that the U; and U, solutions are

Uy = (Aow,%(z‘chlwn — mlmng + kamy + ksmy + ksma))/
(—clcgwfl - iclmgwg - iczmlwg + mlmgwi + ic1kown,
+ ici1kswn + tcokiwy, + tcokswy, — klmgan - kgmlan
— kgmawn? — kamawy® + kika + kiks + koks) (15)
U; = (Aowi(iclmgwn — mlmgw,% + kymg + ksmy + ksma))/
(—clcgwfI — iclmng — iClewz + mlmzwfl + ic1kown,
+ ic1kswy, + icakiwy + icokswn — kimawn® — kamiwy 2
— kamiwn? — ksmaown? + kika + kiks + koks) (16)

2.3 The Effect of Contact Surface Strength Variations on the
Transfer Coefficient

In order to investigate the role of changes in contact surface parameters at
the fault interface on the displacement difference of the surrounding rock
mass on both sides of the interface, the values of A1, Ao, u, &1 and & need
to be determined. where the effect of contact surface strength on the transfer
coefficient is discussed for the cases of no damping, damping &, = &2 = 0.1
and damping £; = & = 0.3. where let \; = 0.331, Ao = 0.445 and px = 0.86
[12, 13].

2.3.1 The undamped case
When there is no damping, then £&; = & = 0.
At this point there is:

(1.86A% — 0.801957)°
(—1.56775254)% + 0.7141098170)°

D =

B (1.86A2 — 0.890439)° an
(—1.56775254A2 + 0.7141098170)°
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Makes,
—1.56775254)% + 0.7141098170 = 0 (18)

Then you can get
A3 =~ 0.675 (19)

At this particular value of the contact surface strength, the transmission
coefficient D tends to infinity and resonance occurs in the surrounding rock
mass.

2.3.2 Case with damping

In the presence of damping, the relationship between the stiffness of the
surrounding rock and the transfer coefficient is discussed, and the effect of
the difference in stiffness of the surrounding rock on both sides of the fault
interface on the transfer coefficient D is analysed. Since the surrounding rock
bodies on both sides of the fault interface are related through the coefficient 1,
at this time, let A\; = 0.3, 4 = 0.86, A3 = 0.6, then the relationship between
the transfer coefficient and the contact surface stiffness and surrounding
rock stiffness can be analysed through equation (2-25), at this time, take
& =& =0.1,& = & = 0.15, & = & = 0.3 respectively, then we
can get different The relationship between the frequency ratio stone and
the displacement transfer coefficient D for different damping is shown in
Figure 4 [14, 15].

Damping 0.1

P Damping 0.15

2.0
1.5

Damping 0.2
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0‘5 .f;..--..

e
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JUIDYFA0D WOISSPUISULI]

-1.0

=0 | | | | | | N
0.0 0.5 1.0 1.5 2.0 25 3.0

Frequency ratio

Figure 4 Displacement transfer coefficient versus frequency ratio curve (with damping).
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From Figure 4, it can be seen that under the condition of the presence
of damping, A1, ¢ and A3 are certain, with the increase of frequency ratio
A2, the displacement transfer coefficient shows a trend of first decreasing
and then increasing. As the damping increases, the minimum range of the
displacement transfer coefficient D gradually increases; after the frequency
ratio increases to a certain value, the displacement transfer coefficient D tends
to be stable [16]. At a certain damping, the displacement transfer coefficient
tends to decrease with the increase of Ay when the value of Ay is less than
2 times. It shows that when the surrounding rock on both sides of the fault
interface is weak, the displacement switch coefficient will increase when the
surrounding rock stiffness increases; when the surrounding rock stiffness on
each facets of the fault interface is large, the displacement switch coefficient
decreases and then will increase when the surrounding rock stiffness will
increase to a positive value. It suggests that the dynamic response of the
surrounding rocks on each facets of the fault interface below seismic load
is associated to the stiffness of the surrounding rocks on each aspects of the
interface [17].

3 Input of Ground Vibrations in Sub-sea Tunnels

How to determine the input method and form of seismic wave is the core con-
tent of seismic response research in cross-fault tunnel [18, 19]. The content of
this chapter is based on the ground motion input method of two-dimensional
homogeneous half-space field, using MATLAB program to write the relevant
program of automatic application of viscoelastic artificial boundary and
ground motion input, so as to realize the ground motion input.

3.1 Addition of Viscoelastic Artificial Boundaries

Deeks et al. established a new type of artificial boundary based on the
derivation of two-dimensional column surface wave theory and proposed the
concept of viscoelastic artificial boundary, and Jingbo Liu et al. derived a
time-domain viscoelastic artificial boundary in the two-dimensional plane on
this basis, and extended the two-dimensional plane to the three-dimensional
time-domain using the spherical fluctuation equation to summarize the vis-
coelastic artificial boundary applicable to the three-dimensional space. This
section is based on the two-dimensional viscoelastic artificial boundary
derived by Jingbo Liu to implement the artificial boundary imposed [20-22].
The viscoelastic artificial boundary is essentially a system of multiple parallel
springs and viscous dampers set on a truncated boundary. The manifestation



352 8. Zhuoyu et al.

| | |
| | |
| | |
| | |
______ R - SR A

| |
| |
I I
| |
I I
| |
I I
I I
| |
| |
i I
| |
I I
| i . R
2 L Viscoelastic boundaries

Unit Nodes

X

Figure 5 Schematic diagram of the 2D viscoelastic artificial boundary.

of the viscoelastic boundary in the two-dimensional plane at the nodes is
shown below (As shown in Figure 5).

In the 2D finite element model, each cell node consists of a spring
damping system along the tangential direction of the artificial boundary
and a spring damping system along the normal direction of the artificial
boundary, each node controlling the area of influence of the corresponding
range. The mechanical parameters of the springs and dampers are expressed
in the following equations [23].

KN = OéN)\ + 2GA,CN = pCpA
(20)
Kr = QT%A, Cr =pCsA
Of which:
E
2(14v)

CP—\[ \ 20011 0) m 21)

A+2G (1—-wv)
CS‘V / \/p<1+v><1—2v>
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Where Ky and Cp are the tangential spring stiffness and damping
coefficients respectively; K7 and Cr are the normal spring stiffness and
damping coefficients respectively; oy and ar are the viscoelastic artificial
boundary correction parameters, the recommended values are 0.5 and 1; G is
the medium shear modulus; p is the medium density; A is Lamb’s constant;
R is the distance from the scattered wave source to the artificial boundary,
usually taken as the distance between the foundation and the structure Cp
and C'g are the wave velocities of the transverse and longitudinal waves
respectively; E is the modulus of elasticity of the medium; and v is the
Poisson’s ratio [24, 25].

3.2 Ground Shaking Input Method

The seismic wave propagates from the supply to the near-field mannequin
and enters the near-field computation location thru the synthetic boundary.
This part will be based totally on viscoelastic synthetic boundaries. This area
discusses the floor shaking enter techniques based totally on viscoelastic
synthetic boundaries.

Viscoelastic synthetic boundaries are typically used to seriously change
seismic waves into equal masses to reap a sensible enter of floor shaking.
Du Xiu Li et al. decompose the wave discipline at the synthetic boundary
into two parts, the free discipline and the scattered field, the usage of the
wave area separation method [26, 27]. Thus, the displacement subject can
be decomposed into displacement free area and displacement scattered field,
and the stress discipline can be decomposed into stress free subject and stress
scattered field, expressed in the structure proven in Equation (22).

up; = ul]; + ufz}

_ f
ol = 0y, + o7,

(22)

Where u represents displacement; o represents stress; the free field is
represented by the upper corner scale f and the scattered field is represented
by the upper corner scale s; the lower corner scale 1 is the node number and
the lower corner scale 7 is the direction of the Cartesian coordinate system,
represented by x, y, 2.

In the process of finite element analysis, the equations of motion contain-
ing artificial boundaries can be obtained based on the time domain analysis
method as shown in Equation (23).

mytly; + et + ku = Ajoy, (23)
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Where m, c and k represent the concentrated mass of the node, the spring
stiffness factor and the damping factor respectively, and A is the area of
influence of the node.

The equation of motion for the scattered field on a viscoelastic artificial
boundary can be expressed in the form of Equation (25), where K and C are
both viscoelastic artificial boundary parameters.

Substituting Equations (24) and (22) into Equation (23), we have

mytiy; + (e + AiCr)tus + (ki + AiKg)u = Ao + Kliulf,* + Cz@'ulfi
(25)

Equation (26) is the tensor form of the equation of motion for any node
I on the viscoelastic artificial boundary considering the scattered and free
fields, and the right-hand part of the equation is the tensor form of the
equivalent seismic load, so that the equivalent nodal force tensor for any node
1 on the boundary can be obtained as.

;= (Alo-li + Klzulfl + C[zule)Al (26)

3.3 Implementation of Ground Shaking Input

It is necessary to calculate the equivalent node force of each node on the
viscoelastic artificial boundary when the ground motion is input, but a large
number of nodes are usually generated when the model is built, and the area
controlled by each node is different, so it is very difficult to select directly.
Based on the Abaqus command format, this paper compiled a program to
implement the automatic application of equivalent node force on the artificial
boundary through MATLAB. The main operations are as follows [28].

Firstly, a near-field finite element model is created in Abaqus, the nodal
information of the artificial boundary of the model is derived by extracting the
branch reaction force and generating an rpt file, after which the output near-
field model inp file is submitted for calculation. The MATLAB program was
developed to calculate and apply the equivalent nodal forces. The program
consisted of setting the material parameters, collating the nodal data and
calculating and generating the inp file for the applied viscoelastic artificial
boundary and seismic loads. The inp file is then opened in Abaqus and
submitted for calculation and solution [29, 30]. The specific flow chart is
shown in the Figure 6 below.
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Open ABAQUS and build a near-
field finite element model

Exporting node information ipt files
L

Set up analysis steps, and field
output conditions

Preparation of MATLAB seismic
wave input program

Submit caleulations, export inp files

Set basic parameters to generate
viscoelastic boundaries

Open the model file to form the
total inp file

s -———————

Import the inp file in ABAQUS and
submit the calculation

Figure 6 Flow chart of the ground shaking input method.

The above method of converting the ground shaking input problem into
a problem of calculating equivalent nodal forces at each node on a vis-
coelastic artificial boundary is simple to operate, the nodal information and
nodal control areas are obtained using the extracted branch reaction force
method for different nodes, which improves the accuracy of the calculation,
and the method is applicable to various situations. The following paper
establishes the equivalent nodal force solution method for different types of
seismic waves and different input methods and implements the solution in
ABAQUS [30, 31].

4 Analysis of the Various Factors Influencing the Seismic
Mechanical Properties of Cross-fault Sub-sea Tunnels

4.1 Influence of Lining Stiffness

The lining stiffness is on the whole associated to the concrete energy grade
and the metal content. In this paper, the concrete power grade is now not
modified however solely the concrete power grade, and 5 one-of-a-kind
strengths of C50, C55, C60, C65 and C70 are taken as the tunnel lining
material. The analytical mannequin was once developed for a forty five
diploma perspective of the tunnel throughout the fault surface, with a most
fault misalignment displacement of 1.2 m imposed, to analyse the impact of
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Figure 7 Plastic strain in the tunnel under fault action.
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Figure 8 Crack widths in tunnels under fault action.

distinct lining stiffnesses on the response of the subsea tunnel beneath fault
motion.

Figures 7 and 8 show the change in plastic strain and lining cracking at the
same location for different lining stiffnesses for the same fault displacement.
The trend shows that the plastic strain and cracking on the tunnel lining
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decreases with increasing stiffness for different lining stiffnesses, but the
magnitude of the decrease is not very significant and can be almost ignored.

4.2 Influence of Tunnel Lining External Diameter

The measurement of the cross-sectional place of a tunnel is influenced by
means of a range of factors. In order to meet the necessities of excessive
velocity trains, the cross-sectional vicinity of a tunnel have to be massive
ample to take into account the aerodynamic outcomes of the tunnel, and
for areas with high passenger traffic, the size of the cross-sectional area is
determined by whether the tunnel is to be built as a single or multi-lane
tunnel. In the case of circular tunnels, the cross-sectional size of the tunnel
can be measured by the size of the outer diameter of the tunnel lining. In order
to analyse the impact of the tunnel liner outdoor diameter on the structural
security overall performance of the cross-harbor tunnel beneath fault action,
this paper discusses the modifications in plastic pressure and crack improve-
ment in the cross-harbor tunnel lining shape when the perspective across
the fault floor is forty five stages and the fault misalignment displacement
is accelerated to 1.2 m, the usage of a nice fault as an example.

Figure 9 shows the plastic strain and crack development under fault
displacement for four different types of sub-sea tunnels with different tunnel
outside diameters for a 45 degree angle across the fault plane, the values

10m
llm

015 12m
I4m

0.10

LS ISl

Distance to fault

Figure 9 Plastic strain in the tunnel under fault action (45° angle across the fault).
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Figure 10 Crack widths in tunnels under fault action (crossing fault angle of 45 degrees).

of plastic strain were chosen. The average values of the upper, middle and
lower three nodes of the lining were taken, and then the crack widths were
derived using equation 3-8. It can be seen from the results that when the size
of the outer diameter of the tunnel lining structure is changed, the location
where the peak plastic strain appears on the lining structure hardly changes,
while the maximum value of the plastic strain has a more obvious change,
and as the outer diameter of the tunnel lining increases in the cross-harbor
tunnel, the price of the plastic stress at the identical node on the lining shape
will decrease, as can be viewed from the vogue plan in Figure 10, when
the fault misalignment displacement is the same, the tunnel lining. The vary
of negative cracks on the tunnel lining is about the same, however as the
tunnel outdoor diameter decreases, the extra probably the lining is to suffer
damage. Therefore, an appropriate increase in the external diameter of the
tunnel lining will help to improve the structural safety of the tunnel when
meeting functional and budgetary requirements.

4.3 Influence of the Angle of the Tunnel Through the Fault

Under the motion of a fantastic fault, the tunnel lining is broken by way of
the tensile and gravitational forces of the rock on each aspects of the fault,
ensuing in a generic tension-type shear damage. In order to analyse the impact
of special angles on the response of the lining shape when the tunnel crosses
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Figure 11 Plastic strain in the tunnel under fault action (45° angle across the fault).

the fault floor below the motion of a nice fault, this paper takes the attitude
of the tunnel crossing the fault floor to be 30 degrees, forty five degrees, 60
tiers and seventy five degrees, and establishes 4 one of a kind crossing angles
for the finite aspect evaluation model, in which the load prerequisites for the
fault undertaking in the mannequin are set by using fixing the decrease plate
whilst making use of a 1.2 m staggered displacement on the top plate of the
surrounding rock.

The FEA model was post-processed to extract and process the plastic
strain results, and the trend shown in Figure 11 shows the change in plastic
strain at the middle part of the lining structure as the tunnel crosses the fault
surface at different angles. The trend is that the plastic strain at the same node
on both sides of the fault zone decreases as the angle between the tunnel and
the fault surface increases. The curve shown in Figure 12 shows the cracking
of the lining at different angles as the tunnel crosses the fault zone under
positive fault action. In summary, the design and construction of the tunnel
should avoid crossing at a small angle to the fault surface of the positive fault
as far as possible.

4.4 Stress Response Analysis of the Tunnel Structure

The maximum peak principal stress response curves of the lining structure
were extracted for sections at 0 m (no section), 3 m, 6 m, 9 m and 12 m
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Figure 12 Crack width of the tunnel under fault action.

respectively after the seismic wave loading was completed and plotted along
the longitudinal direction as shown in Figure 13. For the purpose of analysis,
the maximum principal stresses in the tunnel structure under O m (no section),
3 m, 6 m, 9 mand 12 m sections of lining were extracted from the maximum
values, where the reduction rate refers to the ratio of the difference between
the maximum principal stresses after setting the measures and the maximum
values without the measures, compared to the maximum values without the
measures.

As can be seen from Figure 13, the maximum principal stresses in the
tunnel structure at the fault interface are significantly reduced with the instal-
lation of segmental lining. The reduction rates of the maximum principal
stresses at section lining intervals of 3 m, 6 m, 9 m and 12 m ranged from
39.1% to 58.1%, 29.4% to 54.1%, 13.3% to 35.4% and 14.8% to 29.0%, with
the largest reduction rate of the maximum principal stresses at section lining
stage interval of 3 m and the smallest maximum principal stress response of
the tunnel structure. The peak value is the smallest. The closer the segmental
lining stage interval, the smaller the maximum principal stress response of
the tunnel structure, with little difference in the maximum principal stresses
experienced by the tunnel structure at the unlined stages. The maximum
principal stress response decreases as the distance between the segmental
lining stages decreases, with a relatively large decrease at the top of the vault
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and left arch waist. The maximum reduction rate for the tunnel structure was
58.1% for the 3 m section, 54.1% for the 6 m section, 35.4% for the 9 m
section, and 29.0% for the 12 m section. It can be seen that the closer the
section interval is set, the lower the forces on the tunnel structure are during
the calculation and analysis. However, when the section interval is reduced to
6 m, the reduction in the maximum principal stresses in the tunnel structure
is no longer significant. This indicates that the segmental lining can adapt
the tunnel structure to the disturbance of the surrounding rock mass at the
fault interface, thus effectively reducing the maximum principal stresses on
the tunnel structure.
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5 Conclusion

The research content of this paper is based on the submarine tunnel in the
fault zone, and discusses the mechanical characteristics of the tunnel structure
under the action of earthquake. The section mechanics model is established
and theoretical analysis is carried out. The dynamic response characteristics
of undersea tunnel crossing fault under earthquake action are analyzed by
numerical simulation. The specific work and conclusions of this paper are as
follows:

(1) In the fault interface mechanics model, both the contact surface strength
and the difference in stiffness of the surrounding rock mass are important
factors affecting the interaction law of the soil on both sides of the fault
interface under strong seismic action. Due to the existence of damping,
the displacement transfer coefficient of the surrounding rock body on
both sides of the fault interface decreases with the increase of damping,
i.e. the increase of damping of the surrounding rock body is conducive to
the stability of the surrounding rock body under the effect of vibration.

(2) The viscoelastic artificial boundary is used to simulate the radiation
damping effect in infinite media, so that the scattered waves can be
absorbed effectively. On this basis, the plane wave incidence method
in two-dimensional uniform half space is established with viscoelastic
artificial boundary. Node information is extracted by extracting support
reaction force, and equivalent node force is automatically added by
reading node information to realize ground motion input.

(3) The set up of segmental lining is recommended to the seismic mitigation
of the tunnel shape and can efficiently limit the stress on the tunnel
shape. It is therefore recommended to set the width of the segmental
lining at around 6 m to achieve a less stressful tunnel structure and at the
same time keep the deformation within a reasonable range.

(4) Seepage has a positive impact on the displacement, speed and accel-
eration of the seismic response of the tunnel lining structure: for the
outer boundary node crew of the essential lining, the seismic response
displacement, speed and acceleration of the tunnel lining shape are
highly uniformly distributed, with solely small variations. With or with-
out consideration of the coupling of seepage effects, these variations
are reflected in the opposite trend of response displacement, velocity
and acceleration. For one point on the lining structure, the seepage
effect reduces the peak seismic response displacement, velocity and
acceleration by about 20%-35%.
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