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Abstract Considering the effects of seepage and

dynamic pressure, defining a rock mass as a saturated

porous media, and using the finite element method, a

dynamic fluid–structure interaction model of a subsea

tunnel with a viscous spring artificial boundary is

established. Adopting rubber and foam concrete as

shock absorption layers and inputting both horizontal

and vertical earthquake waves, the time history curves

of the first principal stress at key points in the

secondary lining structure are comparatively analyzed

based on the presence and absence of shock absorption

layers. The principal stress peaks are also analyzed.

The damping effect of the shock absorption layer is

studied. The results show that the peak and principal

stresses at the main parts of the tunnel lining structure

decrease after the shock absorption layer is estab-

lished. Obvious decreases occur in the vault and

inverted arch. A certain degree of peak stress reduc-

tion is also observed after the shock absorption layer is

established. Establishing the shock absorption layer

does not change the spectrum characteristics of the

tunnel structure. Foam concrete shock absorption is

recommended because the damping effect of foam

concrete is more observable than that of rubber.

Keywords Seepage � Earthquake � Submarine

tunnel � Rubber � Foam concrete � Shock reduction

1 Introduction

With the rapid development of the economy and

engineering technology, underground space develop-

ment has recently received considerable attention.

Underground structures such as subways, cross-river

tunnels, and undersea tunnels have gradually

increased. Specifically, undersea tunnels are highly

convenient for travel and promote the development of

regional economies. These tunnels can link various

islands and landmasses, prompting numerous coun-

tries to develop such infrastructures. However, con-

structing and maintaining submarine tunnels is very

difficult because of the complexities presented by the

geological and marine environments. The prevention

of water infiltration and submarine tunnel seismic

activity are major technical problems. ‘‘Water and

Tunnels’’ was the theme of the 1988 Madrid Interna-

tional Conference held by the International Tunneling

Association. Since then, numerous scholars have

studied waterproof engineering for submarine tunnel

X. Cheng (&) � T. Kang � C. Yue
School of Civil Engineering, Lanzhou University of

Technology, Lanzhou 730050, People’s Republic of

China

e-mail: chengxuansheng@gmail.com

X. Cheng � X. Du
Key Laboratory of Urban Security and Disaster

Engineering of Education, Beijing University of

Technology, Beijing 100124, People’s Republic of China

123

Geotech Geol Eng (2019) 37:3781–3804

https://doi.org/10.1007/s10706-019-00868-3(0123456789().,-volV)( 0123456789().,-volV)

http://orcid.org/0000-0001-6729-7927
http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-019-00868-3&amp;domain=pdf
https://doi.org/10.1007/s10706-019-00868-3


structures. Severe water seepage occurred twice in the

Seikan Submarine Tunnel, which was constructed in

1964 in Japan. The incidents not only caused consid-

erable casualties and property losses but also impeded

tunnel construction. Given this background, an impor-

tant practical requirement is the investigation of shock

absorption technology in submarine tunnels, in which

the roles of fluid–structure interactions (FSI) and

seepage are examined.

Research on shock absorption in tunnel structures

began with shield tunnels. Japanese scholar Suzuki

Meng Kang’s study was based on establishing a shock

absorption layer between the rock mass and submarine

tunnel lining. Through this process, the binding of the

rock mass surrounding the tunnel is cut off, and the

strain and relative displacement between the tunnel

structure and the rock mass surrounding the tunnel are

absorbed by the shock absorption layer.

Seismic responses cannot be obtained when a

tunnel structure is separated from the site soil. Thus,

reducing earthquake actions by extending the structure

period is infeasible. Isolation support or other damping

devices cannot be installed because the tunnel struc-

ture is covered under the site soil. Two approaches to

shock absorption are currently employed (Liu et al.

2010). The first approach changes the performance of

the tunnel to mitigate the internal force of the tunnel

lining. The second approach establishes a shock

absorption layer or grouting consolidation layer

between the tunnel lining and rock/soil mass that

prohibits ground deformation from extending to the

tunnel lining. Wang et al. (1996) discussed the

feasibility of the concept at the technical level and

proposed an underground structure shock absorption

model based on an investigation of a tunnel entrance

from the perspective of shock absorption. The model

test and numerical analysis results were based on the

principle of structural damping associated with a

ground structure. Wang and Cui (2010) established a

damping model with a shock absorption layer in a

tunnel support system and explored the damping

influence of the seismic wave input frequency, shock

absorption layer damper, and stiffness. Huang et al.

(2009) simulated the damping effect of a rubber-and-

foam concrete shock absorption layer using ABAQUS

software. Xiong et al. (2007) studied the seismic

response of the Huangcaoping tunnel using a numer-

ical simulation and explored the effects of the shock

absorption layer and seismic joint on the surrounding

rock, lining stress, acceleration, and displacement.

Gao and Chen (2008) analyzed the applicable condi-

tions of two damping measures in the construction of

soft rock/soil tunnels. Yuan (2008) discussed the

seismic response of the lining structure to the lining

thickness, lining material stiffness, burial depth, and

other similar factors in shallow tunnels. Gao (2001)

analyzed the seismic responses of long tunnels in high-

intensity seismic regions and studied the tunnel

damping effect by establishing a shock absorption

layer and seismic joint. Wang (2008) simulated the

seismic dynamic response of the entrance section of a

double-arch tunnel and summarized the dynamic

response trends based on several parameters, such as

the middle wall thickness, rock/soil parameters, and

seismic intensity. The shock absorption effect on the

establishment of shock absorption layers and seismic

joints was also investigated. Kim and Konagai (2000)

studied the seismic isolation effect of a tunnel covered

with a coating material.

Using FLAC3D software, Li (2006) analyzed the

seismic response and dampingmeasures of a mountain

tunnel under various conditions. Sun (2009) estab-

lished several models of a tunnel located in a high-

intensity zone and discussed and analyzed the seismic

absorption effects of vibration absorption and resis-

tance measures using ABAQUS software. Gao et al.

(2005) studied the response of a tunnel using New-

mark’s step-by-step implicit integration finite element

method and a viscous spring artificial boundary

technique under various earthquake accelerations

and soil mass multiform conditions. Ling and Gao

(2008) studied the damping effect of grouting consol-

idation and the shock absorption cushion under the

same earthquake action using a soil–structure interac-

tion model and a time-dependent analysis method.

Hasheminejad and Miri (2008) examined the seismic

isolation effect on lined circular tunnels with damping

treatments. Kim and Konagai (2000) and Konagai and

Kim (2001) studied the damping effect by adding a

flexible material into the cover layer of a tunnel.

Shimamura et al. (1999) investigated the seismic

isolation effect in a rectangular-shaped tunnel with a

soft isolation layer. Cheng et al. (2013) defined the

rock mass surrounding a tunnel as a continuous porous

medium and studied a subsea tunnel passing through a

broken zone. The results showed that the hydrody-

namic pressure in the porous rock medium had

significant effects on the structural internal force of
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the tunnel. Additionally, the stresses and strains at the

spandrel and both sides of the tunnel lining dramat-

ically increased under seismic action. For a lightly

weathered rock mass, Cheng et al. (2016, 2017a, b)

studied the seismic stability of a cross-sea tunnel with

and without shock absorption under seepage and bi-

directional earthquake conditions. The study found

that the sea depth and permeability coefficient had

little effect on the safety factor.

As indicated above, research on the seismic isola-

tion of tunnels has primarily centered on onshore

tunnels, whereas studies of damping measures in

submarine tunnels with consideration of seepage are

relatively scarce. Cheng et al.

(2014a, b, 2017a, b, 2018) studied the seismic stability

of subsea tunnels subjected to seepage and the seismic

response of fluid–structure interactions in undersea

tunnels during earthquakes or sea wave. Thus, a

research base has been provided for shock absorption

technology associated with tunnels under seepage

actions. In this study, dynamic finite element analysis

software is used to establish a two-dimensional fluid–

structure coupled model of a submarine tunnel. We

assume that a tunnel with a shock absorption layer has

been built. The tunnel rock mass is defined as the

equivalent porous medium. Considering bidirectional

earthquake actions and FSIs between the pore water

and saturated rock mass in saturated fractured zones

and using foam concrete and rubber materials as a

damping layer, the damping effect is comparatively

studied. The results of this research can serve as

framework for the design of damping measures for

submarine tunnels.

2 Dynamic Finite Element Analysis

2.1 Dynamic Analysis Equation

According to Biot’s dynamic consolidation theory

(Xie and Zhou, 2002), disregarding the compressibil-

ity of the pore fluid, the saturated pore fluid continuity

equation is as follows:

oeii
ot

þ 1

cf
rTð�KðrPÞÞ ¼ 0; ð1Þ

where5 is the Laplace operator, K is the permeability

coefficient matrix of the rock/soil mass, eii is the

volume strain of the rock/soil mass skeleton, P is the

pore water pressure, and cf is the unit weight of the

pore fluid.

When the relative acceleration of the pore fluid in

the rock/soil mass and geotechnical compressibility

are disregarded, the dynamic equilibrium equation of

the saturated rock/soil mass is as follows:

r0ij;i þ p;jdij þ qbi ¼ q€ui ði; j ¼ 1; 2; 3Þ; ; ð2Þ

where r0ij;i is the effective stress, dij is the Kronecker

delta, q is the density of the rock/soil mass, bi
represents the volume force acceleration, and €ui
denotes the acceleration of the rock/soil mass skeleton.

According to elastic dynamics theory, the dynamic

control equation of the subsea tunnel lining structure is

as follows:

rpij;j þ qpbpi ¼ qp€upi ði; j ¼ 1; 2; 3Þ; ; ð3Þ

where rpij, qp, bpi, and €upi are the internal stress, mass

density, volume force acceleration, and acceleration of

the subsea tunnel lining structure, respectively.

2.2 Dynamic Finite Element

Equation and Numerical Solution Method

for Saturated Rock/Soil Mass and a Subsea

Tunnel Lining Structure

1. Dynamic finite element equation of the saturated

rock/soil mass

The Galerkin method is used in this study (Wang

and Dong, 2003). According to the finite element

discretization of Eqs. (1) and (2), the FSI dynamic

finite element equation of the saturated rock/soil mass

is derived as follows.

tþDtM 0

0 0

" #
tþDt €U
tþDt

f

( )
þ

tþDt
CþC0ð Þ 0

tþDt
KT

upf
0

" #
tþDt _U
tþDt

_pf

( )
þ

tþDt
Kuu

tþDt
Kupf

0 �tþDt
Kpf pf

" #
tþDtU
tþDt

pf

( )
¼

tþDtRu
tþDt

Rpf

( )

ð4Þ
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tþDtKuu ¼
X
m

Z
tþDtvðmÞ

tþDtBðmÞT
u

tþDtDðmÞtþDtBðmÞ
u dtþDtvðmÞ

ð5aÞ

tþDtKupf ¼
X
m

Z
tþDtvðmÞ

tþDtBðmÞT
u IðmÞtþDtHðmÞ

pf
dtþDtvðmÞ

ð5bÞ

tþDtKpf pf ¼
1

cf

X
m

Z
tþDtvðmÞ

tþDtBðmÞT
pf

tþDtKðmÞtþDtBðmÞ
pf

dtþDtvðmÞ

ð5cÞ

tþDtRpf ¼
X
m

Z
tþDt

s
ðmÞ
q

ðtþDtH
tþDt

s
ðmÞ
q ðmÞ

pf ÞT tþDtqðmÞdtþDtsðmÞq

ð5dÞ

tþDtRu ¼
X
m

Z
tþDt

vðmÞ

tþDtHðmÞT
u

tþDtf ðmÞdtþDtvðmÞþ

X
m

Z
tþDt

s
ðmÞ
f

ðtþDtH
tþDt

s
ðmÞ
f

ðmÞ
u ÞT tþDtf ðmÞdtþDts

ðmÞ
f

ð5eÞ

In Eqs. (4)–(5), U and Pf are the geotechnical nodal

displacement and pore water pressure vectors, respec-

tively;M andC denote the rock/soil mass and damping

matrices, respectively; C’ is the damping caused by

shock absorption; D is the geotechnical flexibility

coefficient matrix; f and q are load vectors; Bu and Bpf

represent the nodal displacement and pore water

pressure of the rock/soil mass geometry gradient

matrix, respectively; Hu and Hpf are the interpolation

function matrices of the nodal displacement and pore

water pressure of the rock/soil mass, respectively; and

I is the unit matrix.

2. Dynamic finite element equation of the tunnel

lining structure

Here, the Galerkin method is also applied. Accord-

ing to the finite element discretization in Eq. (3), the

dynamic finite element equation of the tunnel lining

structure can be obtained as follows.

tþDtMp
tþDtUp þ tþDt CpþC0

p

� �
tþDt _Up

þ tþDtKuup
tþDtUp

¼ tþDtRup ð6Þ

tþDtKuup ¼
X
m

Z
tþDt

v
ðmÞ
p

tþDtBðmÞT
up

tþDtDðmÞ
p

tþDtBðmÞ
up dtþDtvðmÞp

ð7aÞ

tþDtRup ¼
X
m

Z
tþDt

v
ðmÞ
p

tþDtHðmÞT
up

tþDtf ðmÞp dtþDtvðmÞp

þ
X
m

Z
tþDts

f
ðmÞ
p

ðtþDtH
tþDt

s
ðmÞ
f

ðmÞ
up ÞT tþDtf ðmÞp dtþDts

ðmÞ
fp

ð7bÞ

In Eqs. (6)–(7), Up is the nodal displacement vector;

Mp and Cp are the mass and damping matrices,

respectively; C0
p is the damping caused by shock

absorption; Dp is the elasticity coefficient matrix; fp
denotes the load vector; Bup represents the geometry

gradient matrix of the nodal displacement; and Hup is

the interpolation function matrix of the nodal

displacement.

3. Dynamic finite element equation and numerical

solution method of the saturated rock/soil mass of

the undersea tunnel lining structure

To simultaneously solve Eqs. (4) and (6), the

Newmark-b is used.

tþDtKuuþ a0tþDtMþ a1tþDtC tþDtKupf

KT
upf

�DttþDtKpf pf

" #
tþDtU

tþDtPf

( )

¼
tþDtRd

u

�DttþDtRpf þ tþDtKT
upf

tU

( )
ðtþDtKuupþ a0

tþDtMpþ a1
tþDtCpÞtþDtUp ¼ tþDtRd

up

8>>>>>><
>>>>>>:

ð8Þ

tþDtRd
u ¼ tþDtRu þ tþDtMða0tU þ a2

t _U þ a3
t €UÞ

þ tþDtCða1tU þ a4
t _U þ a5

t €UÞ
ð9aÞ

tþDtRd
up ¼ tþDtRup þ tþDtMpða0tUp þ a2

t _Up þ a3
t €UpÞ

þ tþDtCpða1tUp þ a4
t _Up þ a5

t €UpÞ
ð9bÞ

In Eqs. (8)–(9), a0 ¼ 1
aDt2, a1 ¼ b

aDt, a2 ¼ 1
aDt,

a3 ¼ 1
2a � 1, a4 ¼ b

a � 1, and a5 ¼ Dtð b
2a � 1Þ. Gener-

ally, when b� 0:5 and a� 0:25ð0:5þ bÞ2, the New-

mark-bmethod is unconditionally stable. In this study,

we set a ¼ 0:8 and b ¼ 0:6.
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2.3 Governing Equations of Seawater

Assuming that the wave is one dimensional and has a

small linear amplitude and that the water depth is H,

the control equations and boundary conditions that the

potential function (x, y, z, t) satisfies are as follows.

r2U ¼ 0; �H\z\0 ð10Þ

oU
oz

� og
ot

¼ 0; z ¼ 0 ð11Þ

oU
oz

þ gg ¼ 0; z ¼ 0 ð12Þ

oU
oz

¼ 0; z ¼ �H ð13Þ

Combining Eqs. (11) and (12) and eliminating g
yields Eq. (14).

o2U
ot2

þ g
oU
oz

¼ 0; z ¼ 0 ð14Þ

Assuming that the free surface of the wave is a

simple harmonic wave form, the following relation-

ship holds (Tao 2005):

g x; tð Þ ¼ aeikxe�ixt ð15Þ

Uðy; z; tÞ ¼ /ðy; zÞe�ixt; ð16Þ

where a is the amplitude and k is the wavenumber.

Substituting Eqs. (15) and (16) into Eqs. (10)–(14),

conditions / and g can be obtained.

r2/ ¼ 0; �H\z\0 ð17Þ

o/
oz

¼ 0; z ¼ �H ð18Þ

o/
oz

þ ixaeiky ¼ 0; z ¼ 0 ð19Þ

gaeiky � ix/ ¼ 0; z ¼ 0 ð20Þ

According to Eqs. (19) and (20), the following

expression can be established.

o/
oz

� x2

g
/ ¼ 0 ð21Þ

The potential function / satisfies Eqs. (17) and

(18), and / can be expressed as follows (Tao 2005):

/ ¼ A cosh kðzþ HÞeikx ð22Þ

where A is a coefficient.

Substituting Eq. (22) into Eq. (20), A can be

obtained as follows.

A ¼ � iga

x
1

cosh kH
ð23Þ

The potential function corresponding to the small-

amplitude problem is obtained as follows.

/ ¼ � iga

x
cosh kðzþ HÞ

cosh kH
eiky ð24Þ

Substituting the wave height h = 2a and Eq. (24)

into Eq. (16) yields the following expression.

Uðy; z; tÞ ¼ gh

2x
cosh kðzþ HÞ

cosh kH
sinðky� xtÞ ð25Þ

The wave equation is then given as follows.

g ¼ h

2
cosðky� xtÞ ð26Þ

2.4 Calculation Process

In calculating the deformation of the rock mass with

groundwater, the influence of the pore water pressure

on the rock stress and deformation should be consid-

ered. After a tunnel is built, the pressure of the

rock/soil mass surrounding the tunnel and pore water

pressure stabilize the tunnel lining. At this moment,

excess pore pressure no longer exists in the rock gaps.

To simulate the authenticity of the results, the

consolidation degree is first calculated. The comple-

tion of consolidation settlement in undersea rock is

simulated, and the pore pressure of the rock is

eliminated. Restarting the calculation on this basis,

the dynamic calculation is continued by adding a

seismic load. The calculation process proceeds in the

following order: calculation of consolidation settle-

ment ? changing of the boundary conditions ? im-

posing a seismic load ? restarting the dynamic

calculation.

3 Damping Scheme

Tunnel structures are damped by three methods. The

first method is to change the performance of the tunnel
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itself (e.g., stiffness, mass, intensity, and damping) to

control the structural stiffness and mass ratios, thereby

reducing the internal force on the lining structure. The

secondmethod is to establish a damping layer between

the tunnel lining and rock/soil mass (mainly, light-

weight, soft, and energy-absorbing material with a

high damping ratio). In this approach, the lining

structure is separated from the rock/soil mass sur-

rounding the tunnel. Transferring the deformation of

the rock/soil mass into the tunnel lining is difficult.

Thus, the seismic response of the tunnel decreases.

The third method is that the rock/soil mass is

reinforced by anchor rod grouting, which extends the

range of shock absorption.

This study investigates the effect of the second

method on shock absorption. The damping layer

absorbs dynamic strain. Therefore, the damping layer

material must have a certain degree of flexibility to

avoid plasticization during an earthquake. This flex-

ibility allows the material to function during the next

earthquake. Additionally, considering surface subsi-

dence after construction, the Poisson’s ratio value of

the damping material should be close to 0.5, or the

materials should have a certain anisotropic rigidity in

the radial tunnel direction. By setting foam concrete or

rubber material between the first and second linings as

the shock absorption layer, the history of the first

principal stress–time curve and the principal stress

peak values at key points in the secondary lining

structure can be comparatively analyzed. The different

shock absorption effects in the shock absorption layer

are examined.

4 Numerical Examples

4.1 Calculation Model

As is shown in Fig. 1, the span and height of the tunnel

are assumed to be 15 and 11.25 m, respectively. The

cover rock thickness and seawater depth are assumed

to be 25 and 10 m, respectively. Considering the scope

of influence of the stability of the rock mass

surrounding the tunnel, an isolated body with a

thickness of 1 m (along the tunnel length) is removed

from the semi-infinite space. The calculation ranges

are five times the cavern height from the bottom of the

tunnel (i.e., 56.25 m) and five times the spans on the

left and right sides of the tunnel (i.e., 75 m). A shock

absorption layer (0.2 m) is installed between the

primary and secondary lining structures. To transmit a

seismic wave, a joint constraint boundary is adopted at

the bottom of model. Given that water activity is

minimal when the seabed depth exceeds a certain

value, the interface between the rock mass and

seawater below 48 m is a permeable layer, and the

remaining portion is an impermeable layer. Porous

media are used in the simulation. Considering the

effect of sea wave motion, the seawater surface is set

as a free surface. Considering the earthquake action, a

hydrodynamic pressure is established at the seabed

surface. The contact surface between seawater and the

cover rock defines the FSI boundary. Considering the

absorption capacity of the viscous spring artificial

boundary of waves, the rock mass displacement

boundary is set as the viscous-spring artificial bound-

ary as follows:

KBN ¼ aN
G

R
; CBN ¼ qcp ð27Þ

KBT ¼ aT
G

R
; CBN ¼ qcp; ð28Þ

where KBN and KBT are the normal and tangential

spring stiffnesses, respectively; CBN and CBT are the

normal and tangential damping coefficients, respec-

tively; G denotes the shear modulus of the medium; R

represents the wave source at the artificial boundary

point distance; q is the mass density of the medium;

and aN and aT are the normal and tangential viscous

spring boundary correction factors, respectively,

which usually range from aT= 0.35 to 0.65 and

aN = 0.8 to 1.2. In this study, aT= 0.5 and aN= 1.0.

Cp and Cp are the medium P- and S-wave velocities,

respectively:

cp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kþ 2l

q

s
ð29Þ

cs ¼
ffiffiffi
l
q

r
; ð30Þ

where k and l are the first and second lame param-

eters, respectively. k ¼ tE
ð1þtÞð1�2tÞ, and l ¼ E

2ð1þtÞ. E

and t are the elastic modulus and Poisson’s ratio,

respectively. Relevant parameters are assigned values

as follows: KBN= 20,242,105 N.s/m,
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KBT = 10,121,052 N.s/m, CBN = 3,847,800 N/m, and

CBT = 2,056,842 N/m.

The contacts between the tunnel lining and the

surrounding rock, primary lining and secondary lining

are established by setting the contact friction surface.

The friction coefficient of the contact friction surface

between the tunnel lining and the rock mass, primary

lining or secondary lining should be consistent. In the

process of the setting contact surface, the tunnel is

considered the target surface (target), and the rock

mass surrounding the tunnel is the contact surface

(contactor) to permit the convergence of model

calculations (Pang 2017).

During earthquake disasters in tunnels, the vault,

hance, and inverted arch are the weakest parts of the

tunnel. Therefore, the vault (A point), hance (B point),

and inverted arch (C point) of the secondary lining of

the studied tunnel are selected as the key points in this

study (Fig. 2). Unlike the first principal stress–time

curve, the peak of first principal stress, and the peak of

third principal stress of a lining structure with foam

concrete, rubber shock absorption, and a non-damping

layer, the damping effect is obtained by setting

different levels of shock absorption.

4.2 Calculation Parameters

The Jiaozhou Bay undersea tunnel in Qingdao city is a

two-way, six-lane tunnel. The tunnel span is

approximately 7.8 km, and the subsea length is

approximately 3.95 km. It was the second subsea

tunnel constructed in China, following the Xiamen

Xiang ‘an undersea tunnel.

To improve the simulation of the dynamic response

of the rock mass tunnel structure, the Mohr–Coulomb

material model is adopted for the rock mass consti-

tutive relationship. The model is based on the perfectly

plastic Mohr–Coulomb yield function, a non-associ-

ated flow rule, and a tension cutoff. Considering the

weak water activity when the seabed depth exceeds a

certain value, a permeable layer located 48 m below

the interface between the rock mass and seawater is

established. In porous media, the remaining portion of
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the subsurface is considered an impermeable layer.

The Mohr–Coulomb material model is chosen as the

constitutive equation for lining concrete. The thick-

nesses of the primary and second linings are 0.3 and

0.5 m, respectively. For seawater, the incompressible

constant parametric model is selected, and the FCBI-C

element is adopted. A free liquid surface is also

defined. The density and default bulk modulus are

10.09 kN/m3 and 1020 Pa, respectively. The thick-

nesses of the foam concrete and the rubber shock

absorption layer are both 0.20 m. According to the

actual situation in the Jiaozhou Bay undersea tunnel

area in Qingdao city and the existing literature (Cheng

et al. 2013, 2016, 2017a, b), the excess pore water

pressure due to the seismic impact is not considered in

this paper. The parameters are shown in Table 1.

4.3 Seismic Wave

The earthquake disaster examples show that for the

seismic response analysis of the tunnel structure, the

simulation is more realistic and the results are more

reasonable when horizontal and vertical seismic loads

are considered.

The El Centro wave, the world’s first successful

record of the entire seismic process, is of great

significance in seismic research. Therefore, the accel-

eration time history curve of the El Centro earthquake

wave in 1940 (north–south; magnitude: M = 6.7;

epicentral distance: 9.3 km; maximum acceleration:

2.49 m/s2) is adopted. According to the existing codes,

the peak value is adjusted to 0.2 g, which is equivalent

to the eighth-degree fortification criterion. The dura-

tion is td = 10 s. Figure 3 shows the Y-direction

ground motion. The ground motion in the Z-direction

is taken as two-thirds that in the Y-direction. To

simulate the shear and compression waves, the

acceleration time histories in the Y- and Z-directions

are based on inputs from the bottom of the limited

area.

4.4 Damping Effect Analysis

Different shock absorption materials have different

damping effects. Therefore, unlike the first principal

stress–time curve, the peak of the first principal stress,

and the peak of the third principal stress of the lining

structure with foam concrete, rubber shock absorption,

and a non-damping layer, the damping effect is

derived by setting different shock absorption levels.

In this paper, a 2-D solid element is used to simulate

the lining. Stress is easier to obtain for solid elements

than for axial and flexural elements. Thus, this paper

mainly analyzes the stress results.

1. Rubber isolation

In the case of the bidirectional seismic waves, the

time history curves of the first principal stress and

the third principal stress in key parts of a secondary

lining structure around an undersea tunnel are

shown in Figs. 4 and 5 with and without a rubber

shock absorption layer. The peaks of the first and

third principal stresses are shown in Table 2.

Figures 4 and 5 and Table 2 show that a rubber

isolation layer effectively improves the seismic

Table 1 Calculation parameters of materials

Materials Elastic

modulus

E (GPa)

Poisson

ration l
Density

c(kN/
m3)

Cohesion

c (kPa)

Internal

friction angle

u (�)

Porosity

n(%)

Permeability

K (m/s)

Tensile

strength rt

(MPa)

Damping

Pervious

rock mass

5 0.3 21.56 600 35 0.2 1.00E-06 1.12 0.065

Impervious

rock mass

5 0.3 21.56 600 35 – – 1.12 0.065

First lining 30 0.167 24.5 3180 54.9 – – 2.01 0.03

Second

lining

30 0.167 24.5 3180 54.9 – – 2.01 0.03

Foam

concrete

0.27 0.21 5.46 50 15 – – – 0.04

Rubber 0.0025 0.45 9.8 0.6 6 – – – 0.2
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performance of the tunnel structure. Additionally,

the mechanical performance of the tunnel lining

structure can be significantly improved. The peaks

of the first and third principal stresses in key parts

of the tunnel structure are reduced to various

degrees. A rubber isolation layer cannot change

the moment when the peak stress is reached in the

lining structure. However, the stress variation is

consistent with time, and the time history curve is

similar to the curve in the case without isolation.

Thus, according to the existing literature (Xu

2014), the rubber isolation layer will not change

the spectrum characteristics of the tunnel structure.

The rubber isolation layer can only change the

principal stress value of the lining structure and

cannot change the stress state of the vault and

inverted arch. For example, the stress state is a

tension state before adding the rubber isolation

layer, and the stress state remains a tension state

after establishing the rubber isolation layer.

2. Foam concrete isolation layer

In the case of bidirectional seismic waves, the time

history curves of the first principal stress and the

third principal stress in the key parts of the

secondary lining structure around an undersea

tunnel are shown in Figs. 6 and 7 with and without

a foam concrete isolation layer. The first and third
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principal stress peaks are shown in Table 3.

Figures 6 and 7 and Table 3 show that the foam

concrete isolation layer not only change the

principal stress value of lining structure but also

change the stress states of the vault and inverted

arch. For example, the stress state is a tension state

before establishing the foam concrete isolation

layer, and the stress state is compression after

establishing the foam isolation layer.

In general, from the perspective of the main stress,

establishing the isolation layer can isolate the binding

force of the rock mass around the lining structure.

Thus, the earthquake damage is reduced and the lining

structure is protected.

Because the Mohr–Coulomb model is used for the

rock and the concrete lining, it is necessary to study the

effects of isolating measures on the shear stress of the

subsea tunnel. In the analysis, the maximum shear

stress appears in the secondary lining. The calculation

results are shown in Table 4.

Table 2 Comparison of peaks of the first and third principal stress with rubber isolation or not/MPa

Position A (vault) B (hance) C (inverted arch)

Stress rmax
1 rmax

3 rmax
1 rmax

3 rmax
1 rmax

3

Non-isolation 0.69 0.06 - 0.22 - 6.05 1.43 0.04

Isolation 0.05 - 0.24 - 0.077 - 0.37 0.024 - 0.4

Positive signs represent tension; negative signs represent compression
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As shown in Table 4, compared with a non-isolated

subsea tunnel, the shear stress of the secondary lining

structure of the subsea tunnel is effectively decreased

by the two types of isolation measures, and the shear

stress decrease caused by rubber isolation layer is

significantly greater than caused by the foam isolation

layer. Taking effective isolation measures can reduce

the probability of shear failure for a lining structure

and enhance the safety of subsea tunnels.

4.5 Effect of Shock Absorption Measures

on the Dynamic Tunnel Response

To fully consider the dynamic response of a submarine

tunnel under earthquake actions after damping mea-

sures are adopted, the dynamic responses are studied

in cases with no damping, foam concrete damping and

rubber damping, and different overlying rock thick-

nesses and water depths are considered. According to

changes in the first and the third principal stresses, the

effects of different overlying rock thicknesses and

water depths on the dynamic tunnel response can be

observed, and the effect on shock absorption after

taking these measures can be evaluated.

1. No damping

a. Effect of the overlying rock thickness on the first

and the third principal stresses

To obtain the effects of different overlying rock

thicknesses on the first and the third principal

stresses without isolation measures, the overlying

water depth is held constant at 20 m while the

thickness of the overlying rock is varied at values

such as 25 m, 35 m and 45 m. The first and the

third principal stress nephograms are shown in

Tables 5 and 6.

b. Effect of seawater depth on the first and the third

principal stresses

To obtain the effects of different seawater depths

without damping on the first and the third principal

stresses, the overlying rock thickness is held

constant at 25 m while the seawater depth is

varied at 20 m, 30 m and 40 m. The first and the

third principal stress nephograms are shown in

Tables 7 and 8.

Table 3 Comparison of the first and third principal stress peaks with foam concrete isolation or not/MPa

Position A (vault) B (hance) C (inverted arch)

Stress rmax
1 rmax

3 rmax
1 rmax

3 rmax
1 rmax

3

Non-isolation 0.69 0.06 - 0.22 - 6.05 1.43 0.04

Isolation 0.0015 - 1.69 - 0.194 - 2.83 0.0049 - 1.43

Positive signs represent tension; negative signs represent compression

Table 4 Comparison of shear stress calculation results

Type Non-isolation Foam concrete isolation Rubber isolation

Nephogram of shear

stress

Maximum shear stress

(MPa)

5.7346 4.4656 1.9653
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From Tables 5 and 7, when the water depth is set to

20 m and the thickness of the overlying rock is set to

25 m, 35 m or 45 m, the tensile stresses at the inverted

arch and the vault increase with increasing overlying

rock thickness. When the overlying rock thickness

increases from 25 to 35 m, the tensile stress exhibits

considerable mutation. When the overlying rock

thickness is 45 m, the tensile stress is close to the

ultimate tensile stress of concrete. Thus, attention

should be paid to local failure because of tensile stress

beyond the stress limit. When the overlying rock

thickness is taken as a constant value of 25 m and the

overlying water depths are 20 m, 30 m and 40 m, the

tensile stresses at the inverted arch and vault slowly

change with increasing overlying water depth. The

tension zones in the subsea tunnel are generally

distributed in the vault and inverted arch; therefore,

vaults and inverted arches subjected to earthquake

actions will be locally damaged, and some shock

absorption measures should be taken.

Tables 6 and 8 show that when the seawater depth

is 20 m and the thickness of the overlying rock is

25 m, 35 m or 45 m, the compressive stress of the

lining and rock mass surrounding the tunnel increases

with increasing overlying rock thickness, and the

change is obvious. When the thickness of the overly-

ing rock is constant at 25 m and the overlying water

depth is 20 m, 30 m or 40 m, the compressive stress of

the lining and rock mass surrounding the tunnel

increases with increasing overlying seawater depth.

The compression zone is generally distributed in the

arch feet and arch waist on both sides of the subsea

tunnel. Thus, compression failure must be considered

at the arch feet and arch waist.

According to the above calculations under seepage

and earthquake actions, the tensile stress is mainly

concentrated at the vault and inverted arch, and the

compressive stress is concentrated at the arch waist.

Therefore, when considering an earthquake, some

measures should be taken to strengthen the structure.

When the water depth is taken as a constant value, the

stress concentration is more obvious as the overburden

thickness increases and the security decreases. When

the overlying rock thickness is held constant, deeper

Table 5 The first principal stress (r1) nephograms under different overlying rock thickness

(1) 25 m (2) 35 m

(3) 45 m 1σ

Overlying rock 

thickness/m

Vault Inverted arch Arch waist

σA(Mpa) σB(Mpa) σC(Mpa)

25 0.405 0.633 – 0.217

35 0.919 0.947 – 0.312

45 0.946 1.022 – 0.350

500000
300000
100000
-100000
-300000
-500000
-700000

MAMXIMUM
626321

EG 4.EL 191.IPT 21(354279)
MINIMUM
* -802292
EG 4.EL 5.IPT22(-733401)

600000
0

-600000
-1200000
-1800000
-2400000
-3000000

MAMXIMUM
1073857

EG 4.EL 191.IPT 21(664089)
MINIMUM
* -3213810
EG 1.EL 2981.IPT 12(-2620312)

1000000
333333
-333334
-1000000
-1666667
-2333333
-3000000

MAMXIMUM
1149428

EG 4.EL 191.IPT 21(761400)
MINIMUM
* -3468754
EG 1.EL 4380.IPT 11(-2813784)
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seawater values increase the stress concentration, but

the effect of seawater depth is not as obvious as the

effect of the overburden thickness.

2. Foam concrete damping

a. Effect of the overlying rock thickness on the first

and the third principal stresses

To obtain the influence of the overlying rock

thickness on the first and the third principal

stresses around the subsea tunnel when foam

concrete damping is used, the overlying water

depth is set to 20 m, and the thickness of the

overlying rock is set to 25 m, 35 m and 45 m. The

first and the third principal stress nephograms are

shown in Tables 9 and 10.

b. Effect of water depth on the first and the third

principal stresses

To obtain the effects of different overlying water

depths on the first principal stresses of the tunnel

with a damping layer, the overlying rock thickness

is set to 25 m, and the overlying water depths are

set to 20 m, 30 m and 40 m. The first principal

stress nephograms of the tunnel are shown in

Tables 11 and 12.

Tables 9 and 11 show that for the undersea tunnel

with a shock absorption layer made of foam concrete,

the distribution of the tensile zone is mainly concen-

trated on both sides of the arch feet. When the seawater

depth is set to 20 m and the overlying rock thickness is

25 m, 35 m or 45 m, compared with the case of no

damping, the tensile stress on the vault and inverted

arch slowly changes with increasing thickness of the

overlying rock. When the overburden thickness is

25 m and the overlying water depth is 20 m, 30 m or

40 m, the tensile stress on the vault increases with

water depth, but the change is relatively stable.

However, after using foam concrete, the maximum

tensile stresses on the vault and inverted arch are

greatly reduced.

As shown in Tables 10 and 12, the compression

zone is mainly distributed at the arch feet and the sides

of the arch waist after foam concrete damping is

established. Thus, compression failure at the arch feet

Table 6 The third principal stress (r3) nephograms under different overlying rock thickness

(1) 25 m (2) 35 m

(3) 45 m 3σ

Overlying rock 

thickness/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

25 – 0.022 – 0.014 – 5.263

35 – 0.024 – 0.017 – 6.465

45 – 0.028 – 0.021 – 8.038

-800000
-1600000
-2400000
-3200000
-4000000
-4800000
--5600000

MAMXIMUM
-491724

EG 4.EL 151.IPT 21(-498713)
MINIMUM
* -5790876
EG 4.EL 102.IPT 22(-5014521)

-900000
-1800000
-2700000
-3600000
-4500000
-5400000
-6300000

MAMXIMUM
-764831

EG 4.EL 181.IPT 21(-852247)
MINIMUM
* -6869104
EG 4.EL 3.IPT 22(-6061145)

-1500000
-2500000
-3500000
-4500000
-5500000
-6500000
-7500000

MAMXIMUM
-869727

EG 4.EL 181.IPT 21(-980409)
MINIMUM
* -8177864
EG 4.EL98.IPT 12(-7055988)
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and arch waist must be considered. Under the condi-

tion that the seawater depth is 20 m and the overlying

rock thickness is 25 m, 35 m or 45 m, the compression

stress increases with increasing overlying rock thick-

ness, and the change is obvious. When the overlying

rock thickness is 25 m and the overlying water depth is

20 m, 30 m or 40 m, the compressive stress at the arch

waist increases with increasing water depth, but the

change is not obvious. Compared with the results

without damping, after adding foam concrete, the

maximum pressure on the arch waist does not change

considerably, but the maximum compressive stress is

much smaller than the compressive stress limit of

concrete.

3. Rubber shock absorber

a. Effect of the overlying rock thickness on the first

and the third principal stresses

To obtain the influence of the overlying rock

thickness on the first and third principal stresses of

the tunnel with a damping layer, the overlying

water depth is set to 20 m, and the thickness of the

overlying rock is set to 25 m, 35 m and 45 m. The

first and third principal stress contours are shown

in Tables 13 and 14.

b. Effect of water depth on the first and the third

principal stresses

To obtain the influence of the overlying water

depth on the first and third principal stresses of the

tunnel with a damping layer, the overlying rock

thickness set to 25 m, and the overlying water

depth is set to 20 m, 30 m and 40 m. The first

principal stress nephograms are shown in

Tables 15 and 16.

As shown in Tables 13 and 15, for the subsea tunnel

with a rubber damping layer, the tensile zone is mainly

distributed on both sides of the arch feet. After adding

rubber shock absorption, the tensile stress at the vault

and the compressive stress at the arch waist still

increase with increasing overburden thickness, but

compared with the case with no damping, the stress

value effectively decreases. Under the condition that

the seawater depth is 20 m and the overlying rock

Table 7 The first principal stress (r1) nephograms under different sea water depth

(1) 20 m (2) 30 m

(3) 40 m 1σ

Sea water depth

/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

20 0.073 0.674 – 0.321

30 0.075 0.985 – 0.363

40 0.084 0.982 – 0.401

500000
300000
100000
-100000
-300000
-500000
-700000

MAMXIMUM

* -802292
EG 4.EL 5.IPT 22(-733401)

600000
0

-600000
-1200000
-1800000
-2400000
-3000000

MAMXIMUM

* -3249518
EG 1.EL 2381.IPT 12(-2629504.)

600000
0

-600000
-1200000
-1800000
-2400000
-3000000

MAMXIMUM

* -3250131
EG 1.EL 2381.IPT 12(-2635787.)
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thickness is 25 m, 35 m and 45 m, compared with the

case with no damping, the tensile stresses at the vault

and the inverted arch increase with increasing thick-

ness of the overlying rock, but the change is gradual.

When the overburden thickness is 25 m and the

overlying water depth is 20 m, 30 m and 40 m, the

tensile stress at the vault increases with increasing

water depth. However, compared with the case with no

isolation layer, the maximum tensile stresses at the

vault and the inverted arch are greatly reduced by

rubber isolation, and the rubber isolation reduces

tensile stress at the vault more so than does foam

concrete.

As shown in Tables 14 and 16, for the subsea tunnel

with a rubber layer, the compressive zone is mainly

distributed at the arch feet and the side arch waist.

Thus, compression failure must be considered at the

arch feet and arch waist. When the seawater depth is

20 m and the overlying rock thickness is 25 m, 35 m

and 45 m, the stress on the lining and rock mass

surrounding the tunnel increases with increasing

overlying rock thickness, and the change is relatively

obvious. When the overburden thickness is 25 m and

the overlying water depth is 20 m, 30 m and 40 m,

compared with the case with no isolation, the

compressive stress at the arch waist minimally

changes with increasing water depth after adding

rubber isolation, but the maximum compressive stress

is still far less than the compressive stress limit of

concrete.

As observed from the results with no isolation,

foam concrete isolation and rubber isolation at

Table 8 The third principal stress (r3) nephograms under different sea water depth

(1) 20 m (2) 30 m

(3) 40 m 3σ

Sea water 

depth/m

Vault
Inverted 

arch

Arch 

waist

σA/MPa σB/MPa σC/MPa

20 – 0.0011 – 0.015 – 1.981

30 – 0.0018 – 0.016 – 2.198

40 – 0.0033 – 0.016 – 2.423

-800000
-1600000
-2400000
-3200000
-4000000
-4800000
-5600000

MAMXIMUM

* -5790876
EG 4.EL 102.IPT 22(-5014521)

-1200000
-2000000
-2800000
-3600000
-4400000
-5200000
-6000000

MAMXIMUM

* -6335524
EG 4.EL 102.IPT 22(-5513562)

-1200000
-2000000
-2800000
-3600000
-4400000
-5200000
-6000000

MAMXIMUM

* -6391504
EG 4.EL 197.IPT 21(-5609750)
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different rock cover thicknesses and seawater depths,

the maximum tensile stress at the arch vault and

inverted arch and maximum compressive stress at the

arch waist increase with increasing overburden thick-

ness and water depth. After considering isolation, the

maximum tensile stress changes in a relatively

stable manner with increasing overburden thickness

and water depth, but the maximum compressive stress

at the arch waist still increases with increasing

overburden thickness and water depth. The damping

effect of the rubber and foam concrete is roughly the

same.

Compared with the case with no isolation, both

types of isolation measures can effectively reduce the

maximum tensile stress at the vault and inverted arch.

When the water depth is constant and the thickness of

the overburden increases, the maximum compressive

stress at the arch waist can be greatly reduced.

Additionally, when the rock cover thickness is

constant and the water depth increases, the effect of

isolation is not obvious. However, because of the good

compressive ability of concrete, the limit of the

maximum compressive stress at the arch waist is far

less than the compressive stress limit of concrete.

Table 9 The first principal stress (r1) nephograms under different overlying rock thickness

(1) 25 m (2) 35 m

(3) 45 m 1σ

Overlying rock 

thickness/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

25 0.179 0.0012 – 0.342

35 0.170 0.0013 – 0.433

45 0.183 0.0096 – 0.529

400000
240000
80000
-80000
-240000
-400000
-560000

MAMXIMUM
522799

EG 3.EL 191.IPT 21(205477)
MINIMUM
* -658985
EG3.EL 100.IPT 12(-629890)

500000
300000
100000
-100000
-300000
-500000
-700000

MAMXIMUM
688941

EG 3.EL 106.IPT 22(294749)
MINIMUM
* -812229
EG 3.EL 4.IPT 22(-766864)

375000
125000
-125000
-375000
-625000
-875000
-1125000

MAMXIMUM

* -1298914
EG 3.EL 102.IPT 22(-12  462)
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Therefore, some seismic measures can effectively

decrease the maximum tensile stress and achieve the

main objectives of many engineering applications.

4.6 Effects of Shock Absorption Measures

on Seepage

Seepage is an important feature of subsea tunnels, and

it influences tunnel stress and safety. The results of

pore water pressure calculations involving the subsea

tunnel are shown in Table 17.

Table 10 The third principal stress (r3) nephograms under different overlying rock thickness

(1) 20 m (2) 30 m

(3) 40 m 3σ

Overlying rock 

thickness/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

25 – 0.0011 – 0.066 – 2.061

35 – 0.0051 – 0.066 – 2.762

45 – 0.0256 – 0.066 – 3.284

-1000000
-1666666
-2333333
-3000000
-3666666
-4333332
-5000000

MAMXIMUM

* -5321358
EG 3.EL 98.IPT 12(-4842732)

-1200000
-2000000
-2800000
-3600000
-4400000
-5200000
-6000000

MAMXIMUM

* -6412048
EG 3.EL 99.IPT 12(-5718112)

0.
-1200000
-2400000
-3600000
-4800000
-6000000
-7200000

MAMXIMUM

* -7551795
EG 4.EL 105.IPT 31(-645026.3)
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As shown in Table 17, the pore water pressure of

the subsea tunnel under the action of seepage

decreases after adopting the isolation measures. This

change is likely because of the reflection action of

seismic waves in the isolation layer. Additionally, the

increase in pore water pressure caused by foam

isolation is significantly greater than that caused by

rubber isolation.

5 Conclusions

First, establishing an isolation layer cannot funda-

mentally change the dynamic seismic response value

of a tunnel lining structure. Because isolations are

associated with buffering and energy dissipation, the

stress transfer coefficient decreases, which improves

the vibrational isolation effects on lining structures.

Table 11 The first principal stress (r1) nephograms under different sea water depth

(1) 20 m (2) 30 m

(3) 40 m 1σ

Sea water depth

/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

20 0.058 0.0016 – 0.301

30 0.062 0.0023 – 0.376

40 0.051 0.0017 – 0.411

MAMXIMUM

* -658985
EG 3.EL 100.IPT 12(-629890)

400000
240000
80000
-80000
-240000
-400000
-560000

600000
400000
200000

0.
-200000
-400000
-600000

MAMXIMUM

* -709610
EG 3.EL 99.IPT 12(-642985)

500000
300000
100000
-100000
-300000
-500000
-700000

MAMXIMUM

* -782759
EG 3.EL 100.IPT 12(-735858)
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Second, compared with the rubber layer, the foam

concrete isolation layer may change the force direction

at the vault and inverted arch in the secondary lining

structure, namely, from a very unfavorable tension

state to a compression state, which improves the

isolation effect.

Third, although the foam concrete and rubber have

certain isolation effects, considering significant sea-

water seepage and extremely strong seawater corro-

sion, the lifespan of rubber will be greatly reduced.

Additionally, the rubber layer easily ages and gradu-

ally loses its original seismic performance at relatively

Table 12 The third principal stress (r3) nephograms under different sea water depth

(1) 20 m (2) 30 m

(3) 40 m 3σ

Sea water 

depth/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

20 – 0.0015 – 0.069 – 1.893

30 – 0.0021 – 0.071 – 2.271

40 – 0.0037 – 0.080 – 2.487

-1000000
-1666666
-2333333
-3000000
-3666666
-4333332
-5000000

MAMXIMUM
-433108

EG 3.EL 151.IPT 21(-438209)
MINIMUM
* -5321358
EG 3.EL 98.IPT 12(-4842732)

-800000
-1600000
-2400000
-3200000
-4000000
-4800000
-5600000

MAMXIMUM
-538140

EG 3.EL 151.IPT 21(-542723)
MINIMUM
* -5715333
EG 3.EL 99.IPT 12(-5166012)

-800000
-1600000
-2400000
-3200000
-4000000
-4800000
-5600000

MAMXIMUM
-656091

EG 3.EL 151.IPT 21(-658958)
MINIMUM
* -6031290
EG 3.EL 100.IPT 12(-5428237)
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high stress states; therefore, we suggest that foam

concrete isolation be used.

Fourth, when implementing isolation measures, the

thicker the overlying rock is, the higher the stress

concentration in the subsea tunnel will be. By contrast,

the effect of water depth on the tunnel stress is

relatively small. For different thicknesses of overlying

rock and different water depths, isolation measures

can effectively reduce the tensile stress at the vault and

inverted arch and offset the relatively low tensile

strength of concrete. Overall, the stress concentration

Table 13 The first principal stress (r1) nephograms under different overlying rock thickness

(1) 25 m (2) 35 m

(3) 45 m 1σ

Overlying rock 

thickness/m

Vault Inverted arch Arch wais

σA/MPa σB/MPa σC/MPa

25 0.128 0.0019 – 0.321

35 0.131 0.0025 – 0.383

45 0.139 0.0031 – 0.479

MAMXIMUM
522799

EG 3.EL 191.IPT 21(205477)
MINIMUM
* -658985
EG 3.EL 100.IPT 12(-629890)

400000
240000
80000
-80000
-240000
-400000
-560000

400000
240000
80000
-80000
-240000
-400000
-560000

MAMXIMUM
522805

EG 3.EL 191.IPT 21(205481)
MINIMUM
* -658984
EG 3.EL 100.IPT 12(-629888)

400000
240000
80000
-80000
-240000
-400000
-560000

MAMXIMUM
522823

EG 3.EL 191.IPT 21(205491)
MINIMUM
* -658979
EG 3.EL 100.IPT 12(-629880)
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in the tunnel is significantly reduced because of

isolation.

Finally, the presented results are for the lightly

weathered rock mass surrounding subsea tunnels. For

heavily weathered rock masses and broken rock

masses, the analysis should be re-designed to include

the influence of the surrounding fluid and other factors.

Table 14 The third principal stress (r3) nephograms under different overlying rock thickness

(1) 20 m (2) 30 m

(3) 40 m
3σ

Overlying rock 

thickness/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

25 – 0.0021 – 0.053 – 1.985

35 – 0.0025 – 0.061 – 2.526

45 – 0.0047 – 0.072 – 3.024

MAMXIMUM
81377

EG 3.EL 44.IPT 22(56346)
MINIMUM
* -6033936
EG 3.EL 101.IPT 22(-5316777)

-450000
-1350000
-2250000
-3150000
-4050000
-4950000
-5850000

-500000
-1500000
-2500000
-3500000
-4500000
-5500000
-6500000

MAMXIMUM
58610

EG 3.EL 128.IPT 22(23642)
MINIMUM
* -6872136
EG 3.EL 101.IPT 22(-6083507)

-500000
-1500000
-2500000
-3500000
-4500000
-5500000
-6500000

MAMXIMUM
89787

EG 3.EL 145.IPT 21(77473)
MINIMUM
* -7717950
EG 3.EL 196.IPT 21(-6779710)
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Table 15 The first principal stress (r1) nephograms under different sea water depth

(1) 20 m (2) 30 m

(3) 40 m 1σ

Sea water depth

/m

Vault Inverted arch Arch waist

σA/MPa σB/MPa σC/MPa

20 0.047 0.0016 – 0.283

30 0.053 0.0019 – 0.336

40 0.049 0.0017 – 0.402

500000
300000
100000
-100000
-300000
-500000
-700000

MAMXIMUM
626321

EG 4.EL 191.IPT 21(354279)
MINIMUM
* -802292
EG 4.EL 5.IPT 22(-733401)

600000
0

-600000
-1200000
-1800000
-2400000
-3000000

MAMXIMUM
834317

EG 4.EL 191.IPT 21(498961)
MINIMUM
* -3249518
EG 1.EL 2381.IPT 12(-2629504)

600000
0

-600000
-1200000
-1800000
-2400000
-3000000

MAMXIMUM
910536

EG 4.EL 191.IPT 21(550635)
MINIMUM
* -3250131
EG 1.EL 2381.IPT 12(-2635787)
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Table 16 The third principal stress (r3) nephograms under different sea water depth

(1) 20 m (2) 30 m

(3) 40 m 3σ

Sea water 

depth/m

Vault Inverted arch Arch waist

σA(Mpa) σB(Mpa) σC(Mpa)

20 – 0.0016 – 0.054 – 2.067

30 – 0.0023 – 0.062 – 2.358

40 – 0.0027 – 0.073 – 2.516

-1000000
-1666666
-2333333
-3000000
-3666666
-4333332
-5000000

MAMXIMUM
-433108

EG 3.EL 151.IPT 21(-438209)
MINIMUM
* -5321358
EG 3.EL 98.IPT12(-4842732)

-1000000
-1666666
-2333333
-3000000
-3666666
-4333332
-5000000

MAMXIMUM
-433103

EG 3.EL 151.IPT 21(-438204)
MINIMUM
* -5321355
EG 3.EL 98.IPT12(-4842728)

-1200000
-2000000
-2800000
-3600000
-4400000
-5200000
-6000000

MAMXIMUM
-694215

EG 3.EL 151.IPT 21(-698120)
MINIMUM
* -6412048
EG 3.EL 99.IPT12(-5718112)

Table 17 Effect of isolation on pore water pressure

Type Non-isolation Foam concrete isolation Rubber isolation

Nephogram of pore water

pressure

Maximum pore water

pressure (MPa)

0.5157 1.0887 0.5158
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