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Abstract. This paper aims at investigating the face stability of large-diameter underwater shield tunnels considering seepage in
soft-hard uneven strata. Using the kinematic approach of limit upper-bound analysis, the analytical solution of limit supporting
pressure on the tunnel face considering seepage was obtained based on a logarithmic spiral collapsed body in uneven strata. The
stability analysis method of the excavation face with different soft- and hard-stratum ratios was explored and validated.
Moreover, the effects of water level and burial depth on tunnel face stability were discussed. The results show the effect of
seepage on the excavation face stability can be accounted as the seepage force on the excavation face and the seepage force of
pore water in instability body. When the thickness ratio of hard soil layer within the excavation face exceeds 1/6D, the interface
of the soft and hard soil layer can be placed at tunnel axis during stability analysis. The reliability of the analytical solution of the
limit supporting pressure is validated by numerical method and literature methods. The increase of water level causes the
instability of upper soft soil layer firstly due to the higher seepage force. With the rise of burial depth, the horizontal

displacement of the upper soft soil decreases and the limit supporting pressure changes little because of soil arching effect.
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1. Introduction

When an underwater shield tunnel crossing river is
excavated, the shield always passes through the soft-hard
heterogeneous ground. Owing to the effects of stratum
lithologic, and the high water pressure seepage, the
tunneling direction is prone to deviation when the
supporting pressure on the tunnel face is not appropriately
controlled. Additionally, the front part of the shield
equipment is heavy, and the tail is relatively light, which
can easily lead to the bump of the shield machine. The
above factors result in the tunneling posture being out of
control, which seriously affects the ground settlement and
the construction efficiency of the shield tunneling.
Therefore, it is essential to conduct the face stability
investigation of shield tunnel accounting high water level
seepage in the soft-hard heterogeneous ground.

Researchers mainly employ the limit equilibrium
analysis, the plastic limit analysis, the numerical method,
and the model test approach to investigate of the tunnel face
stability. Based on Horn’s 3D wedge-silo model (1961),
Anagnostou and Kovari (1996) established a three-
dimensional wedge-prism model in the homogeneous
stratum, and the limit supporting pressure of the shield
tunnel face was studied using the limit equilibrium analysis.
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These years, scholars modified the wedge model (Broere
2001, Anagnostou 2012, Hu et al. 2012, Chen et al. 2019)
and further explored the tunnel face stability taking the
seepage effect into account (Perazzelli et al. 2014, Qiao et
al. 2010). The calculation model of the limit equilibrium
method is intuitionistic, and the theoretical calculation is
relatively easy. However, the instability model does not
follow the equations of solid mechanics well, and the
motion tolerance condition of the instability body is also not
considered. Based on the stability factor reported by Broms
and Bennermark (1967), the lower-bound solution of the
tunnel face stability factor for Tresca material was
investigated by Davis et al. (1980) employing the limit
analysis method. According to Davis’s research, Leca and
Dormieux (1990) presented the upper-bound methods for
one and two conical sliding blocks, and investigated the
excavation face stability for Mohr-Coulomb material. Later,
researchers modified the conical instability models (Mollon
et al. 2010, Mollon et al. 2011), and the analytical solutions
of the limit supporting pressure with higher accuracy were
obtained. In General, the theory of plastic limit analysis is
more strict, and the solving process is relatively simple, and
it has significant advantages in conducting the investigation
of soil mechanical stability. For instance, employing the
limit upper-bound analysis, the effect of nonhomogeneous
soil layer (Ibrahim et al. 2015, Han et al. 2016, Zhong and
Yang 2020, Wang et al. 2021) and pore water pressure (Lee
et al. 2003, Wang et al. 2013, Zou and Qian 2018, Xue et
al. 2019) on the tunnel face stability were studied by means
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of the optimized failure model.

Moreover, the numerical analysis method is an available
method to deal with engineering issues because of its strong
ability to perform mechanical analysis under complex
multi-factor conditions. Scholars usually use the Finite
Element Method (Ukritchon et al. 2017, Cheng et al. 2018,
Alagha and Chapman 2019), the Finite Difference Method
(Zhang et al. 2020, Cheng et al. 2021), and the Discrete
Element Method (Chen et al. 2011, Hu and Zhang 2013, Lei
et al. 2021) for the investigations of the face stability of
tunnels. Ukritchon et al. (2017) studied the effects of the
cover depth ratio, overburden stress factor, and linear
strength gradient ratio on the load factor of the undrained
tunnel face stability by three-dimensional finite element
analysis. Zhang et al. (2020) investigated the face stability
of a horseshoe-shaped shield tunnel in undrained clays with
a linearly increasing strength by FLAC3D. Chen et al.
(2011) explored the limit supporting pressure, failure zone
and, soil arching of shallow shield tunnels in dry sandy
ground by using the discrete element method. In addition,
researchers (Idinger et al. 2011, Ahmed and Iskander 2012,
Chen et al. 2013, Lv et al. 2016, Chen et al. 2018) studied
the tunnel face stability under various geological conditions
by using the model test method, and some substantial laws
about the tunnel face stability are revealed.

Researchers have obtained a great many results in the
investigation of tunnel face stability, and a large number of
studies have been conducted on tunnel face stability in
heterogeneous layers more recently (Tang et al. 2013,
Senent and Jimenez 2015, Wang 2017, Lu et al. 2021).
However, most researchers do not take into consideration
the effect of groundwater seepage, or only the impact of
pore water single seepage is accounted in some studies of
the tunnel face stability, and the fluid-solid coupling effect
is ignored. Additionally, the impact of high water pressure
seepage, burial depth, and soil arching effect on the
excavation face stability should be thoroughly analyzed for
a large-diameter underwater tunnel crossing the soft-hard
heterogeneous ground. Therefore, in this study, a
logarithmic spiral collapsed model of a large-diameter
underwater tunnel face was established in soft-hard
heterogeneous strata, and the analytical solution of the limit
supporting pressure accounting seepage was derived
employing the limit upper-bound analysis method. The
stability analysis method of excavation face with different
soft- and hard-stratum ratios was determined, and the
analytical solution of the limit supporting pressure was
validated by numerical method and literature methods. In
addition, the effect of water level and burial depth on the
excavation face stability was further discussed.

2. Upper-bound solution of tunnel face stability in
soft-hard uneven strata

2.1 Instability failure mode accounting seepage

The active instability mode of a large-diameter

underwater tunnel face in homogeneous stratum (Zhang et
al. 2022) was improved. An active instability mode of the

tunnel face in soft-hard heterogeneous strata under seepage
was established, as Fig. 1 shows. The water level over the
riverbed was H, the tunnel burial depth was C, and the
diameter of the tunnel was D. 4B represented the tunnel
excavation face, and the logarithmic spiral AF, Bl and IF
turned around the rotation center point O. The spirals
started from the arch bottom point B, the terminal point / of
BI spiral and the vault point 4, respectively, and intersected
at point F. The instability body AFIB rotated around the
point O at an invariable speed w. The lengths of OB, OI,
OA, and OF are roa, ror, o4 and ror, respectively, and the
angles between OB, OI, OA, and OF and OV are 0, 0y, 04,
and 6, respectively. Within the excavation face, the
thickness of the soft soil layer is (1-n)D, and the thickness
of the hard soil layer is nD. n is the ratio of the thickness of
the hard soil layer to the height of the excavation face.
The equations of logarithmic spiral AF, BI, and /F are

AF: 1 =1,(0) =Ton ep[(0—6,)tang ] (1)
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Where, ¢1, and ¢, are the internal friction angles of the
upper soil and the lower soil, respectively.
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Fig. | Instability mode of underwater shield tunnel face
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o -€0s6, =H, +(1-n)D )
From Egs. (7) and (8)
Iyg - COSH; — I, -COSH, =nD )

Substituting Eq. (6) into Eq. (9)

n-sin(6,—6;)
cos 6, —exp[ (6, — 6, ) tan g, |cos6), g (10)
6 can be obtained from Eq. (10)
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2.2 Power calculation

It is supposed that the soil obeys the Mohr-Coulomb yield
criterion, the soil deformation submits to the small deformation
hypothesis, and the displacement velocity field of the
instability body in soil masses is kinematically admissible.

2.2.1 Exterior force power
The loads affecting the stability of the underwater shield
tunnel face are considered as follows: (1) Supporting

pressure on the excavation face Osp; (2) Soil self-weight

o, ; (3) Seepage force o,. The impact of pore water

seepage on the tunnel face stability can be accounted as: @D

The impact of the seepage force o, on the excavation

surface. Taking average pore water pressure on the
excavation surface as seepage force on it under steady
seepage condition; @) The impact of the pore water seepage
on the instability body.

(1) Supporting pressure power

The uniform supporting pressure acts on the tunnel face
when the shield works.

W, =aSpILvinidL =0, I v, cos gdL

) (13)
=Wo % sin 26'[ COSH

sp OB

(2) Power of soil self-weight
It is supposed that the instability body in the soft-hard
heterogeneous strata consists of a number of circles, the
circle radius in the soft soil layer is R;(¢), and the circle

center is Iy (¢) from the point O, where

R,(0) :w, Iy (0) :w. The radius of

each circle in the hard soil layer is R,(6), and the circle

center is r.(9) from the point O, where
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instability body is divided into block 1 (4FM), block 2
(AMIG), block 3 (GIE), and block 4 (EIB), and then the
self-weight power of the soil ¥, is
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(3) Seepage force power
(D The seepage force power on the excavation surface

) sin gdyd @
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@ The power of pore water seepage in the instability
body

When the seepage reaches a steady state, the tunnel face
stability is considered to be affected by the horizontal
hydraulic gradient before the excavation face, and the
vertical hydraulic gradient over the tunnel. To make the
issue easy to calculate, the instability body AFIB is
partitioned into block AFM, block AMIG and block GIB, as
Fig. 1 shows. In block AFM, the impact of the vertical
seepage force is mainly accounted, and the impact of the
horizontal seepage force is primarily taken into account in
block AMIG and block GIB.

It is assumed that the water head height at the surface of
riverbed is %, and the water head height around the
excavation face is ho. Therefore, the vertical hydraulic
gradient in the soil over the tunnel is

. h-h
l,=—— 20
. (20)
The power of the vertical seepage force in block AFM is
= .[ r,ids,v; sin@
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Table 1 Property parameters of the stratum

Natural weight E ¢ (Pa) Permeability coefficient
(N/m?) (Pa) pG) (ms)
Muddy clay 17.5x103 11%’6‘ 20 ll‘g)ﬁ 1x10°
Limestone soil 23.4x10° 21%’7‘ 40 21%§ 1x10°10

In the soft-hard heterogeneous strata, the permeability
coefficient of the upper soil layer is K, and the permeability
coefficient of the lower soil layer is K,. The average
permeability coefficient of the soil the shield passes through
is

D B K.K,
(1—n)D+@_ K, (1-n)+K;n (22)

Kl KZ

K, =

The flow differential equation of the crossing soil layer
is

°H K, oH 0

K, = 'C & (23)
The constraint conditions for the above equation are
{z:O, H=h, o
z=C H=h

The horizontal hydraulic gradient before the tunnel
excavation face is
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Horizontal seepage force power in the AMIB block is
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e h 3
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The seepage force power in the instability body AFIB is
W, =W, +W,, +W , 7

2.2.2 Interior energy dissipation

The interior energy dissipation of the instability body AFIB
is accounted to take place on the surfaces of AF, BI, and IF,
and the energy dissipation on the surface AF, BI, and IF are
calculated as follows

O
D, = J'HA cwr? (6)d6
(28)

cwr?
= Tno(/’;l{exp[Z(HF ~6,)tan (/)1:|—1}
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The overall energy dissipation rate of the instability body is
D=D, +Dg, +D (€3]

In accordance with the upper-bound principle of limit
analysis method, the exterior force power in the instability
body equals the interior energy dissipation rate.

W +W +W, =D, + Dy, + D (32)

Substituting Eqs. (13), (14), (27), (28), (29), and (30)
into Eq. (31), the limit supporting force on underwater
shield tunnel face in soft-hard heterogeneous strata
considering seepage can be obtained as

oy, =IDN, +1,N, + 0, —cN, (33)

Where, N,, N,, and N, represent the dimensionless
stability coefficients of soil weight, pore water seepage, and
soil cohesion, respectively.

The restriction conditions of Eq. (33) are

- .
0<6; <6, <49A<E"9A<9F<” and r,, < - Ospmax 1S

solved by MATLAB traversal grid algorithm.

3. Stability analysis of tunnel face in soft-hard
uneven strata

3.1 Determination of stability analysis method

3.1.1 Numerical modeling and calculation parameters

An underwater shield tunnel model is set up by FLAC3D
finite difference software. A section of the underwater shield
tunnel crosses the soft-hard heterogeneous strata. The upper
stratum of the tunnel is mainly muddy clay, and the lower
stratum is limestone soil. The property parameters of upper-
soft and lower hard-strata are presented in Table 1. The outer
diameter of the single circular underwater shield tunnel is 14.5
m, and the inner diameter is 13.3 m. The lining ring is
comprised of segments, the segment width is 2 m, and its
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Fig. 2 Maximum horizontal displacement and supporting
pressure ratio

thickness is 0.6 m. The elastic modulus of the lining is
3.06x10'°Pa. The grouting layer thickness is 0.2 m. According
to the practical project, the tunnel burial depth is 20 m, and the
water depth is 12 m. Owing to the symmetry of the tunnel
structure, the overall dimension of the model is 65.45 mx100
mx78.2 m. The soil around the tunnel and the grouting layer
adopt eight-node hexahedral elements, shell elements are
selected for the lining, and link elements are used to simulate
the interaction of the lining with the surrounding soil masses.
The boundary conditions are set as follows: the upper surface
of the model is a free boundary, the horizontal displacements
of the left and right sides and front and rear sides of the model,
and the vertical displacement of the bottom are all restricted.
The left and right sides and front and rear sides of the model,
and the bottom are impermeable boundaries. In the fluid-solid
coupling calculation, 120 kPa pore water pressure and 120 kPa
vertical force act on the upper surface of the model. Only 120
kPa vertical force acts on the upper surface of the model when
the seepage effect is not considered.

3.1.2 Determination of limit supporting pressure of
tunnel face

When the interface between the soft-hard heterogeneous
strata is located at different positions of the excavation face, the
relation curves of the supporting pressure ratios and the
maximum horizontal displacements of the excavation face
considering fluid-solid coupling are presented in Fig. 2. Based
on the mutation criterion of the stability principle, the mutation
points of the curves under different ratios are obtained, and the
supporting pressure ratios under different working conditions
are determined referring to the distribution of the plastic region
in the soil accounting fluid-solid coupling, as shown in Table 2.
Fig. 3 presents the horizontal displacements of the vertical
tunnel diameter accounting the fluid-solid coupling as the
excavation face loses stability under different thickness ratios
of upper-soft and lower-hard strata and homogeneous soil
stratum. The results reveal that with decreasing the thickness of
the soft soil layer in the excavation face, the horizontal
displacement of the vertical diameter gradually decreases, and
the location of the maximum horizontal displacement
gradually transfers from lower to upper part of the excavation
face. When the thicknesses of the hard soil layer are 2/6D,

—— Homogeneous soil
—@— 1/6D(2=0.45)
—h— 2/6D(1=0.43)
—¥— 3/6D(2=0.43)

(2]
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'
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o

\
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'
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Fig. 3 Horizontal displacement

Table 2 Limit supporting pressures under different interfaces

Maximum
Interface Limit_ Limit_ dlhogizontal t
thickness ratio prs:sps 11)1 (r)ét?:ltgio pr;lslzllzgr(tlll:ga : lsp\jl(lleerlflen
instability ( mm )
1/6D 0.45 265.350 -156.95
2/6D 0.43 253.556 -152.89
3/6D 0.43 253.556 -149.19
3.5/6D 0.42 247.660 -104.15
4/6D 0.41 241.763 -93.83
4.5/6D 0.4 235.866 -79.96
5/6D 0.4 235.866 -73.04
5.5/6D 0.4 235.866 -72.84
Homogeneous —— 4 283.039 279

soft soil stratum

3/6D, 3.5/6D, 4/6D, and 4.5/6D, respectively, the instability
first occurs in the soft soil layer, then the excavation face loses
stability, which demonstrates the local instability of the soft
soil layer results in the global face instability.

Table 2 shows the limit supporting pressure ratios and the
maximum horizontal displacements under different thicknesses
of the hard soil layer and homogeneous soft soil stratum when
considering fluid-solid coupling. We can conclude that the
limit supporting pressure ratio of the shield tunnel face
gradually reduces with increasing the thickness of the hard soil
layer in the range of the excavation face as the excavation face
loses stability, and the limit supporting pressure, and the
maximum horizontal displacement are also gradually reduced.
The reason is that the cohesion and the internal friction angle
of the hard soil layer are larger than those of the upper soft soil
layer, hence, the hard soil layer has relatively high strength and
strong self-stability. With the increase of the thickness of the
hard soil layer, the local stability of the excavation face
enhances, resulting in the decrease of the limit supporting
pressure and the maximum horizontal displacement as the face
loses stability, which is similar to the results reported by Senent
and Jimenez (2015), and Wang (2017).

Referring to the limit supporting pressures and the
maximum horizontal displacements under homogeneous soft
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soil stratum and different thickness ratios of the hard soil layer,
it is proposed that during the large-diameter shield tunneling in
the soft-hard heterogeneous strata, when the thickness of the
hard soil layer within the excavation face is less than 1/6D, the
limit supporting pressure of the excavation face can be
calculated on the basis of the uniform distribution of the soft
soil layer in the whole section. When the thickness of the hard
soil layer is more than 1/6D, the interface of the soft-hard soil
layer can be placed at the tunnel axis.

3.2 Verification of limit supporting pressure under
multi-stratum seepage

3.2.1 Limit supporting pressure considering and
without considering seepage

When the interface of the upper-soft and lower-hard strata
is located at the tunnel axis, Fig. 4 shows the relation curves of
the supporting pressure ratios and the maximum horizontal
displacements of the excavation face considering and without
considering seepage. On the basis of the sudden change of the
maximum horizontal displacement, the limit supporting
pressure ratio of the excavation face is 0.43 when taking the
fluid-solid coupling effect into account, and the corresponding
limit supporting pressure is 253.566 kPa. As the seepage effect
is not accounted, the limit supporting pressure ratio is 0.06, and
the corresponding limit supporting pressure is 29.941 kPa. It is
indicated that the effect of the seepage force is the major
component of the total limit supporting pressure on the
underwater shield tunnel face in the soft-hard heterogeneous
strata, and the effect of seepage cannot be ignored in the face
stability analysis of the underwater shield tunnel.

Accounting the seepage effect, the optimal solution of
the part »DN+r.N,-cN. of Eq. (33) is 72.136 kPa by
MATLAB programming. Fig. 5 presents the pore water
pressure distribution in the soil when the excavation surface
loses stability. From the figure, the pore water pressure
distribution in the collapsed area is nearly even. The
horizontal hydraulic gradient is primarily shown in the area
before the face, and the vertical hydraulic gradient is
basically presented in the area over the tunnel, which is
consistent with the consideration of pore water pressure
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distribution in the instability body in Section 2.2. Fig. 6
presents the changes of pore water pressure at some feature
points on the excavation face during the numerical analysis.
The seepage force o, on the excavation face under steady
seepage is 171.526 kPa according to the method proposed
in Section 2.2. Then, the total limit supporting pressure is
243.662 kPa. Using the theoretical method under multi-
stratum reported in Section 2, the theoretical solutions of
the limit supporting pressure on the excavation face
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Table 3 Property parameters of the soil

Natural weight

Permeability coefficient

( N/m® ) E (Pa) 9( ) c (Pa) (m/s)

Silt(1) 16.5x10° 7.88x10° 0.3 18.93 14.05x10° 1x108

Silt(2) 16.8x10° 8.36x10° 0.3 19.11 14.38x10° 1x108

Silt clay 17.5x10° 10x10° 0.3 20 14x103 1x108

limestone 23.4x10° 200x10° 0.21 40 20x103 1x10710
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Fig. 8 Theoretical and numerical solutions of limit
supporting pressure

accounting and without accounting seepage are obtained.
Fig. 7 presents that the numerical solutions of the limit
supporting pressure are close to the theoretical solutions
under the two conditions, which demonstrates the
correctness of the instability model of the underwater shield
tunnel face and the reliability of the calculation method of
the limit supporting pressure in the present study.

3.2.2 Validity of the logarithmic spiral model

Using the limit equilibrium analysis, Qiao ef al. (2010)
established a wedge model considering seepage, and
explored the face stability of the multi-stratum shield
tunnel. Employing the limit upper-bound analysis, Wang et
al. (2013) proposed a three-block instability model of
tunnel face to analyze the limit supporting pressure under
seepage. The theoretical solutions and the numerical
solutions of the limit supporting pressure accounting multi-
stratum seepage of this study are compared with the
theoretical solutions of the three-dimensional wedge
model(Qiao et al. 2010) and the three-block instability
model(Wang et al. 2013), as presented in Fig. 8. We can
obtain that as the water level rises, the limit supporting
pressures of the three-block instability model are smaller
than those of the other three methods. When considering
seepage in the upper-soft and lower-hard strata, the
theoretical solutions and the numerical solutions of the limit
supporting pressure obtained in this study are close to each
other under different water levels. As the water level rises,
the variation laws of the two are relatively consistent with
that of the theoretical solutions of the three-dimensional
wedge model. Since the calculation principle of Qiao et al.'s

Burial depth of the tunnel(m)

Fig. 9 Theoretical and numerical solutions of limit
supporting pressure

method is different from the other two, the theoretical
solutions of the limit supporting pressure of the wedge
model are slightly larger than that of the logarithmic spiral
model, and the numerical solutions under each water level.

The reason is that in the wedge model considering
seepage proposed by Qiao et al. (2010), the shape of loose
soil above the sliding wedge block is a prism when the
excavation face loses stability, and it has fully developed to
the riverbed surface. More soil and pore water does work on
the excavation face, so the theoretical solutions of the limit
supporting pressure analyzed by Qiao et al (2010) are
larger. For the limit upper-bound approach and numerical
analysis approach in this study, the reduction of the
disturbed soil range caused by the soil stress transfer, and
the soil arching effect in the upper soil above the tunnel are
considered, which is consistent with the conclusions
obtained by Liu ef al. (2021): When the tunnel burial depth
is large, the overlying strata include a sliding development
zone and a stable arching zone. Therefore, the limit
supporting pressures obtained by these two methods are
small.

The theoretical solutions and the numerical solutions of the
limit supporting pressure accounting seepage are shown in Fig.
9 when the tunnel burial depths under multi-stratum conditions
are 10 m, 15 m, 20 m, 25 m, and 30 m, respectively. We can
obtain that when the seepage effect is considered, the change
laws of the theoretical solutions and the numerical solutions of
the limit supporting pressure of the multi-stratum underwater
shield tunnel are similar, and the values of the two are close to
each other. When the burial depth is larger than 20 m, the
change of theoretical solution tends to be gentle because of the
soil arching effect above the tunnel.
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Fig. 11 Working principle diagrammatic drawing of the
shield

To sum up, the above analysis validates the reliability of
the theoretical calculation method and numerical simulation
method of the limit supporting pressure accounting seepage in
the upper-soft and lower-hard strata in the present study.

4. Engineering example analysis

In the first stage project of the line S2 of Wenzhou
municipal railway, the Oujiang Beikou Tunnel project is
located at the estuary of the Oujiang River. It goes down across
the waters of the Oujiang Beikou, and advances northward to
Huanghua Town. The project location is presented in Fig. 10.
The typical soil layer distribution of the project is presented in
Table 3. The underwater shield tunnel with a diameter of 14.9
m is excavated by a mud balanced shield, Fig. 11 shows the
working principle diagrammatic drawing of a mud balanced
shield. Other parameters of the shield tunnel structure are
shown in Section 3. The project is located in a strong tidal sea
area. The water depth varies from 4 m to 20 m. In the middle
of the shield section below the Oujiang River, the shield
crosses  the  upper-soft and  lower-hard  strata.

4.1 Influence of water level on tunnel face stability

Relied on the actual project, the tunnel burial depth 20 m,
and the water levels are 4 m, 8 m, 12 m, 16 m, and 20 m,
respectively. The shield tunnel face stability in the soft-hard
heterogeneous strata accounting seepage is investigated.
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4.1.1 Tunnel face deformation

Fig. 12 presents the relation curves between the supporting
pressure ratios and the maximum horizontal displacements of
the excavation face in the soft-hard heterogeneous strata as the
water level changes. On the basis of the mutation criterion of
stability principle, Fig. 13. presents the limit supporting
pressure and the maximum horizontal displacement under the
corresponding water level. From the figure, the limit
supporting pressure ratio and the limit supporting pressure
increase linearly as the the water level rises in upper-soft and
lower-hard strata. When the excavation face loses stability,
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Fig. 15 Displacement and plastic region

from Fig. 14, we can obtain that the maximum horizontal
displacement appears in the soft soil layer of the excavation
face, and it increases as the water level rises. The results
demonstrate that the seepage significantly affects the face
stability of underwater tunnels. The conclusions are consistent
with those obtained by Wang et al (2013), Zou and
Qian(2018) and Li ef al. (2021): Seepage significantly affects
the tunnel face stability during tunneling. The total supporting
pressure increases linearly with the rising water table as
accounting the seepage. The reason is that the higher water
table enlarges the hydraulic gradient before the tunnel face, so
the larger seepage force enhances the limit supporting pressure.
Thus, accounting the effect of the tide, the mud pressure and
the excavation parameters should be regulated timely with the
water level fluctuation. Meanwhile, the amount of synchronous
grouting should be increased, and the water stop ring and

secondary grouting should be conducted timely.

4.1.2 Tunnel face stability mode

The total displacement and the plastic region
distribution are shown in Fig. 15 when the water levels are
4 m, 12 m, and 20 m, respectively, when the tunnel face
loses stability in the soft-hard heterogeneous strata.
Accounting the fluid-solid coupling action, the instability
first takes place in the upper soft soil layer. When the water
level is low, the water head gradient around the excavation
face is small, and the effect of seepage force upon the
excavation face stability is little. A sizeable spiral area
before the face slips into the slurry pressure tank when the
instability occurs. With the water level rise, the impact of
the seepage force on the stability of the upper soft soil layer
is becoming more and more obvious. When the water level
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is 20 m, the excavation face instability mainly occurs in the
soft soil layer under high water pressure seepage. According
to the plastic region distribution under different water
levels, the plastic region develops upward to the riverbed
surface when the excavation surface loses stability, and the
plastic region is in a funnel-shape. The higher water level
enlarges the plastic region in the upper part above the
tunnel, and the plastic region fully develops.

4.2 Influence of burial depth on tunnel face stability

The water depth is 12 m. When the burial depths of the
shield tunnel are 10 m, 15 m, 20 m, 25 m, and 30 m,
respectively, the limit supporting pressure and the failure mode
of the underwater tunnel face in upper-soft and lower-hard
strata under fluid-solid coupling are analyzed.

4.2.1 Excavation face deformation

In the soft-hard heterogeneous strata, under different burial
depths the relation curves of the supporting pressure ratios and
the maximum horizontal displacements of the excavation face
are presented in Fig. 16. The limit supporting pressure ratio is
determined in combination with the distribution of the plastic
region in the soil accounting fluid-solid coupling.

From Fig. 17, when the excavation face loses stability, the
maximum horizontal displacements take place at the upper part
of the excavation face under different burial depths. When the
burial depth is shallow, the horizontal displacement of the soft
soil layer within the excavation face is larger than that of the
hard soil layer. As the burial depth increases, the horizontal
displacement of the lower part of the excavation face increases
gradually, however, it is still less than the maximum horizontal
displacement of the excavation face. It is demonstrated that the
face instability of the underwater shield tunnel in the soft-hard
heterogeneous strata under fluid-solid coupling is the global
face instability induced by the local instability in the soft soil
layer. When the burial depth is shallow (C<15 m), the
horizontal displacement of the upper part of the excavation
face increases gradually. However, when the burial depth
increases (C>20 m), the horizontal displacement of the upper
part of the excavation face reduces because of the soil arching
effect.

Fig. 18 shows that when the burial depth of the shield
tunnel gradually increases from 10 m to 20 m, the limit
supporting pressure of the excavation face gradually increases.
The limit supporting pressure of the shield tunnel face changes
little when the burial depth increases from 20 m to 30 m. The
reason is that the soil arching effect gradually formed in the
upper soil layer above the excavation face with increasing the
tunnel burial depth, and the water-soil pressure above the soil
arch cannot be transmitted to the excavation face, which does
not affect the excavation face stability. The works done by the
vertical earth pressure and seepage force below soil arch are
approximate. Thus, limit supporting pressure changes little.

4.2.2 Excavation face failure mode

Fig. 19 presents the total displacement and the plastic
region distribution when the burial depths are 10 m, and 30 m,
respectively, as the face instability occurs in the soft-hard
heterogeneous strata. When the burial depth is 20 m, the

distributions of the displacement and the plastic region are the
same as those of 12 m water level, as presented in Fig. 15(b).
Accounting the fluid-solid coupling effect, the excavation face
instability first takes place in the upper soft soil layer under
different burial depths. As the depth of the tunnel is
shallow(C=10 m), the excavation face instability mainly occurs
in the upper soft soil layer, and it has little effect on the
deformation of the lower hard soil layer. The settlement of the
soil before the excavation face can develop upward to the
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Fig. 19 Displacement and plastic region

riverbed sufficiently. With the increase of the burial depth, the
instability of the soft soil layer leads to the increase of the
displacement of the lower hard soil layer. Owing to the soil
arching effect, the settlement of the soil develops upward
insufficiently. Deeper burial depth(C=30 m) makes the law
more obvious. With the increase of tunnel burial depth, the
plastic region before the excavation face enlarges, but the
upward development is insufficient.

5. Conclusions

. A logarithmic spiral instability model of a large-
diameter underwater shield tunnel face considering seepage
in soft-hard uneven strata is proposed. The effect of high
water pressure seepage upon the face stability of the
underwater tunnel can be regarded as the seepage force
upon the excavation face, and the pore water seepage force
in the instability body. In the instability body, the vertical
seepage effect is mainly considered in the soil above the
excavation face, and the horizontal seepage effect is
primarily considered in the soil in front of the excavation
face. The correctness and reliability of the analytical
solution of the limit supporting pressure are validated by
numerical method and literature methods.

. In the stability analysis of large-diameter underwater
shield tunnel face in upper-soft and lower-hard strata, when
the thickness of the hard soil layer within the excavation

face is less than 1/6D, the limit supporting pressure can be
calculated according to the uniform distribution of soft soil
in the whole face. When the thickness of the hard soil layer
exceeds 1/6D, the interface of the soft and hard soil layer
can be placed at the axis of the tunnel to calculate the limit
supporting pressure.

3 The effect of the seepage force is the major
component of the total limit supporting pressure of
underwater shield tunnel face in upper-soft and lower-hard
strata. The effect of seepage cannot be ignored in the face
stability analysis of the underwater shield tunnel.

. The limit supporting pressure ratio and the limit
supporting pressure increase linearly in upper-soft and
lower-hard strata with rising the water level. The higher
water level enlarges the horizontal displacement of the
upper soft soil layer due to the seepage force. The plastic
region fully develops in the upper part above the tunnel as
the water level rises.

. Under different burial depths, the instability of the
underwater shield tunnel face in upper-soft and lower-hard
strata first occurs in the upper soft soil layer. Due to the soil
arching effect, with the increase of burial depth, the
horizontal displacement of the upper part of the excavation
face decreases, and the limit supporting pressures of the
excavation face are relatively close; the plastic region
before the excavation face enlarges, but the upward
development is insufficient.
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