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Abstract: With the rapid development of the tunnels constructed under the rivers and seas, the
research on face stability of shield tunnel in water-rich sand has important theoretical value and
engineering application significance. In addition to the loads exerted by overlaying strata, the tunnels
constructed in water-rich strata are usually subjected to high hydrostatic pressure or seepage forces,
which are apt to cause the ground collapse of the shield tunnel face. The distribution of hydraulic
head field around the tunnel face is critical to assess the impacts of the seepage forces on the tunnel
face stability. This paper investigates the axisymmetric problem of the face stability of the shield
tunnel under a seepage condition within the framework of limit equilibrium analysis. First, numerical
simulations are carried out in this paper to analyze the distribution rules of total hydraulic head and
pore water pressure near the tunnel face of the shield tunnel under the condition of stable seepage with
different cover depths. Then, based on the distribution rules of total hydraulic head, new formulas
for predicting the total hydraulic head along the horizontal and vertical directions are proposed
and compared with the numerical simulations in this paper and existing approximate analytical
solutions. Second, the classical axisymmetric limit equilibrium model is revised by incorporating the
new approximate analytical solutions of hydraulic head field to determine the failure modes and
the limit support pressures with a numerical optimization procedure. Lastly, the comparisons of the
results obtained from the theoretical analysis model in this paper and the existing approaches are
conducted, which shows that the failure mechanism proposed in this paper could provide relatively
satisfactory results for the limit support pressures applied to the tunnel face.

Keywords: tunnel face stability; theoretical analysis model; seepage forces; failure mode; hydraulic
head field

1. Introduction

When the shield tunnel locates under the water table line, the soil or rock excavation often induces
underground water seepage. The tunnels that are constructed in water-bearing strata are usually
subjected to high hydrostatic pressure or seepage forces, which are apt to cause the ground collapse of
the shield tunnel face. The key issue during tunneling under the river or sea is to keep the stability of
the tunnel face, and this generally depends on the control of support pressure applied on the tunnel
face. The pressure must be set at least no less than its limit value, which corresponds to the active
failure state of the tunnel face.

The tunnel face stability and the limit support pressures considering the effect of seepage forces
were already investigated in previous works with various approaches. The stability of a tunnel face
under a seepage condition was studied using experimental tests. To investigate the effect of seepage
forces on tunnel face stability, Lee et al. [1] conducted a series of 1 g model tests and obtained the
seepage pressure ratios both for the drainage type tunnel and waterproof type tunnel. Tang [2] analyzed
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the problem of tunnel face stability under the steady state seepage using a laboratory centrifuge
apparatus. Lii [3] conducted a series of 1 g model tests to analyze the influences of tunnel depth,
seepage, and water level on the limit support pressure of the shield tunnel face and their experimental
results were compared with the theoretical predictions. Chen et al. (2018) [4] carried out centrifugal
model tests to investigate the face failure of earth pressure balance shield induced by steady state
seepage in saturated sandy silt ground. Their results indicated that the limit effective support pressure
approximately increases linearly with the increase of the difference of hydraulic head between the
ground and the chamber. Numerical simulations were frequently used to investigate the stability of
the tunnel face under seepage condition for good reproducibility. De Buhan et al. [5] developed an
original numerical method to obtain the distribution of seepage forces in stability analysis of the tunnel
face. Strohle and Vermeer [6] used a nonlinear elastoplastic analysis model to calculate the minimum
face support pressure under a simple steady-state groundwater flow. Li and Miao [7] utilized the finite
element software ANSYS to investigate the characteristics of the seepage field around a shield tunnel.
Lu et al. [8] conducted a 3D elasto-plasticity finite element simulation to obtain the failure modes and
the minimum support pressures on the shallow shield tunnel face. Moreover, the heterogeneity of the
numerical values of important geo-mechanical parameters makes a big difference on the numerical
simulation results [9-11].

Analytical approaches including limit equilibrium analysis and limit analysis were commonly
applied in the stability analysis of a tunnel face under seepage condition. Anagnostouand Kovari[12,13]
adopted the classical wedge-prism model incorporated with the seepage force that is computed
numerically by means of 3D steady state flow analyses to calculate the support pressure on the tunnel
face based on the limit equilibrium methods. Later on, Perazzelli et al. [14] proposed approximate
analytical solutions of hydraulic head ahead of the tunnel face and derive a closed-form solution for
the necessary support pressure of tunnel face. Then, Perazzelli et al. [15] extended their model to
investigate the tunnel face stability under seepage flow conditions when the tunnel face is reinforced
by bolts. Lu et al. [8] modified the wedge model by considering the effect of seepage forces on
failure mode, and calculated the limit support pressures of the tunnel face under a seepage condition.
Lee and Nam [16] and Lee et al. [1] introduced seepage forces into the upper bound solution of Leca and
Dormieux [17]. They calculated the seepage forces with numerical seepage flow analysis and added
the seepage forces to the mechanical analysis under a drained condition. Park et al. [18] extended the
model of Lee and Nam [16] to the cohesive frictional soil characterized by a linear variation of cohesion
with the depth. According to the plastic strain distribution in the collapse state obtained by finite
element simulation, Lu et al. [19] proposed a 2D upper bound analysis to calculate the limit support
pressure of the tunnel face. Liu et al. [20] adopted a 3D conical mechanism model to investigate the
influence of seepage on tunnel face stability.

Based on the complex variable methods, Huangfu et al. [21] derived the analytical solutions for
a 2D steady ground water flow into a horizontal tunnel in a fully saturated, homogeneous, isotropic,
and semi-infinite aquifer. However, 3D analytical solutions of hydraulic head ahead of the tunnel
face are more often required to calculate the seepage forces in the 3D prediction model of the limit
support pressures of the tunnel face. In this paper, 2D analytical solutions of hydraulic head ahead of
the tunnel face are extended to the 3D condition, which is verified by numerical simulation conducted
in this paper.

This paper investigates the problem of face stability of the shield tunnel under a seepage condition
within the framework of limit equilibrium analysis. First, numerical simulations are carried out to
analyze the distribution rules of total hydraulic head and pore water pressure near the shield tunnel
face under the condition of stable seepage with different cover depths. Then, based on the distribution
rules of total hydraulic head, new formulas for predicting the total hydraulic head along the horizontal
and vertical directions are proposed. Second, the classical limit equilibrium model is revised by
incorporating the new approximate analytical solutions of the hydraulic head field to determine
the failure modes and the limit support pressures with a numerical optimization procedure. Lastly,
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the comparisons of the results obtained from the theoretical analysis in this paper and the existing
approaches are conducted.

2. Numerical Simulation of the Distribution Rules of the Seepage Field Near the Tunnel Face

2.1. Overview of Calculation of a Hydraulic Gradient around the Tunnel Face

To evaluate the influence of the seepage forces on the tunnel face stability, the key lies in the
reasonably accurate estimations of hydraulic head ahead and hydraulic gradient around the tunnel
face. In general, the seepage pressures acting on the tunnel face could be calculated via a numerical
simulation [1,16] or approximate formula [14,20,22,23].

This paper investigates the problem of the face stability of the shield tunnel under a seepage
condition within the framework of upper bound analysis. The distribution of hydraulic head field
around the tunnel face is critical to assess impacts of the seepage forces on the tunnel face stability.
In order to calculate the seepage force acting on the soil, the distribution of hydraulic head field around
the tunnel face should be solved according to the differential equation of water flow. According to
Darcy’s law and mass conservation law, a continuity equation of water flow for the groundwater
seepage problem in an Equivalent Continuum Theory is a second order partial differential equation.
Due to the difficulty in the theoretical analysis of the above formula, in most cases, the distribution of
water head near the tunnel excavation surface is calculated by numerical analysis software, and then
the seepage force near the excavation surface of the underwater tunnel is calculated. There is a direct
relationship between the seepage force acting on the excavation surface of the underwater tunnel
and the water head near the excavation surface of the underwater tunnel. When assuming that the
underground water seepage follows the Darcy law, the seepage equation in a steady state is as follows.

d(, dh(x,y,z) d(, Jh(x,y,z) a(, dh(x,y,z)
(kx—ax + (9_]/ ky—ay + P k; 0z

ox =0 M

where ky, ky, and k, are the seepage coefficients in x, y, and z directions. Additionally, h(x,y,z) is the
total hydraulic head field.

However, due to the complicated geological conditions and the complex boundary conditions
of the tunnel excavation surface, it is difficult to give the exact analytical solutions of distribution of
the water head near the excavation surface of the underwater tunnel. To address this problem, many
scholars have done extensive research on the distribution of hydraulic head field around the tunnel
face, but most of those research studies were conducted through numerical analysis software, especially
some more specific cases. Until Perazzelli et al. [14] carried numerical simulation by using the finite
element software COMSOL, an approximate analytical solution of the hydraulic head field around
a square tunnel constructed in homogeneous stratum under high water pressure is first proposed,
which is suitable for earth pressure balance shields and considers that the seepage flow in the horizontal
direction of the tunnel face is dominant. The hydraulic head field near the tunnel face and above the
tunnel roof can be calculated by Equations (2) and (3), as follows.

h(x,y,z) = hr + (1 - e_b%)Ah, @)

h(x,y,z) = hp + (1—e b te0=a))An, 6)
where hy is the piezometric head in the working chamber for the case of a closed shield, and Ah
is the difference between the elevation of the water table iy and hg. The constants 4 and b can be
determined by curve fitting of Equations (2) and (3) to the numerical results. The specific values of the
two parameters under a different ratio of cover depth to diameter of the tunnel should be determined
by curve fittings of Equations (2) and (3) to the numerical results and are given in Reference [14].
Compared with the numerical simulations, the approximate analytical solutions proposed by Perazzelli
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et al. [14] are proved to provide relatively accurate solutions of a hydraulic gradient for the rectangular
tunnel [8,23].

The seepage forces per unit volume {fx, fy, f.} are equal to the gradient of the numerically
computed hydraulic head h(x,y,z), as shown in Equations (4)—(6).

) oh(x,vy,z

fx = Ywlx = _Vw%/ 4)
, oh(x,y,z)

fo = =yiy = Yo 5=, ©
_ o oh(x,y,z)

fz = Ywlz = _VwT/ (6)

Furthermore, Table 1 shows the overview of calculating the hydraulic gradient around the tunnel
face. icov and icro represent the hydraulic gradient in the cover layer and crossed layer, respectively.

Table 1. Overview of calculating the hydraulic gradient around the tunnel face.

References Hydraulic Gradient Parameter Specification
ok hp—undisturbed hydraulic head
i — Mozhe - .
Livetal. 2 [ hy—hydraulichead on he tunnel ac
Iero = \CD P

D—diameter of the tunnel face
a,b—constants determined by curve fitting to

. (ho=hp)a _pxya(1-2) .
. Icov = e H H the numerical results
Perazzelli et al. [14] { iero :h%ho;’(#)b e bE H—height of the tunnel face
x,z—vertical and horizontal coordinates
P (ho—hg)a b a(2-2) e a,b,c—constants determined by curve fitting to
Lei [23] { v (ho—he)b _px the numerical results
lero=—7 €7 r—radius of the tunnel face
. ho—h
feov = d? +d§ dy,dy—the thicknesses of the cover layers
Liu et al. [20] icro = (hoxhp )e~% ko, ky—the permeabilities in the crossed layer
1= [kDli+d and cover layer

2.2. Finite Element Modeling

In this paper, the finite element analysis software (COMSOL Multiphysics) is used to analyze the
distribution rules of seepage field near the shield tunnel face.

Finite element mesh division is shown in Figure 1. The model has a total length of 200 m, a width
of 40 m, and varying height from 40 m to 80 m. The diameter D of the shield tunnel is assumed to be
10 m. In order to analyze the influence of the depth of cover C on the distribution rules of the seepage
field, a series of relative cover depth (C/D =1, 2, 3, 4, and 5) are selected in numerical simulations.
The distance hy between the water surface and the tunnel floor is 100 m. The symmetry of the model is
adopted for analysis. Shield tunneling is a progressive process. Considering that the research focus
of the distribution rules of the seepage field near the shield tunnel face, the numerical simulation in
this paper adopts the one-time excavation to a certain distance (30 m). Boundary conditions of the
model are set as follows. The upper surface of the model is fixed pressure, yw (hy-C), the surroundings
boundary, bottom boundary, and tunnel liner are impervious boundaries, and the tunnel face is the
fixed hydraulic head, hynnel face = 0
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Figure 1. Mesh division used for the computation of the hydraulic head field.

2.3. Seepage Field Analysis

The distribution rules of total head and pore water pressure near the shield tunnel face under
the condition of stable seepage are analyzed and discussed under different cover depths, as shown in
Figures 2 and 3. It can be seen from Figures 2 and 3 that the seepage field is formed near the tunnel face
due to the drainage effect of the shield tunnel face, and the hydraulic slope occurs near the tunnel face.

To analyze the distribution laws of seepage field ahead of tunnel face, two measuring lines are
defined on the symmetric plane, as shown in Figure 4. A horizontal measuring line (D) represents the
axis of the shield tunnel and the vertical measuring line (@) is the vertical line at the tunnel face on

a symmetric plane.

(a) C/D=1

Figure 2. Cont.
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(b) C/D=2

(d) /D=4

Figure 2. Cont.
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(e) /D=5

Figure 2. Contour line of the total hydraulic head under different cover depths (hy = 100 m).

(b) C/D=2

Figure 3. Cont.
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(c) C/D=3

Surface: Pore pressure (kPa)

(d) C/D=4

Figure 3. Contour line of pore pressure under different cover depths (hy = 100 m).

Figure 4. Layout of measuring lines in a numerical simulation model.
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Figures 5 and 6 show the total hydraulic head on the horizontal and vertical measuring line under
different cover depths, respectively. The distribution law of the total hydraulic head field along the
horizontal distance at the axis of the shield tunnel is analyzed. The results show that the distribution
of total hydraulic head at the axis of the shield tunnel face along the horizontal distance is a “negative
exponential” function, as shown in Figure 5. The distribution law of total hydraulic head along the
depth direction of the shield tunnel in front of the tunnel face on the vertical symmetrical surface is
analyzed. The results indicate that the distribution of total hydraulic head along the depth is nonlinear
when the tunnel is close to the tunnel face, as shown in Figure 6.

a0 ——C/D=4
0l ——C/D=5

201
10
PR TR R TS TU TS TS AU TS U T U SR U R NP

0
30 40 50 60 70 80 90 100110120130140150160170180190200

g
~
=
N
=70 ——C/D=3
=
~

x/m
Figure 5. Total head on the horizontal measuring line under different cover depths.
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Figure 6. Total head on the vertical measuring line under different cover depths.

2.4. New Approximate Analytical Solutions of Total Hydraulic Head Ahead of the Tunnel Face for the
Circular Tunnel

From the results obtained from numerical simulations in this paper and References [14,21], it was
found that the distributions of hydraulic head ahead of the tunnel face are independent of ground
mechanical characteristics (g, ¢’p) and are dependent on ground geometric characteristics (i.e., cover
depth and radius of the tunnel) and head elevation (k), which provides a possibility for establishing
new 3D formula of hydraulic head field without fitting with the numerical simulations. Figure 7 shows
the geometric diagram of the underwater tunnel.

Based on the distribution law of the total hydraulic head field near the shield tunnel face under
a stable seepage condition under different buried depths, new formulas for predicting the total head
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field along horizontal and vertical directions were proposed. New approximate analytical solutions of
hydraulic head field ahead of the tunnel face for a circular tunnel are shown in Equations (7) and (8).

hr - ho | (I%iwx—i—r)z—l—(\/}ﬂ—ﬂ_h)z

h(x,y,z) = ho + - n 5 5 @)
21n[’-;— (1) _1] (S5 +r) + (VH2 =12 + 1)
~(z-2r) gk hert V22V
he —h ) z r+ r

21“[’?— (%)2—1] (== ViZ=72)"

where hy and hp denote the elevation of the water table and hydraulic head on the tunnel face,
respectively. Additionally, r represents the radius of the tunnel.

Iy

D=2r V hE Tunnel face

k4

X

Figure 7. Geometric diagram of the underwater tunnel.

Then the results obtained from Equations (7) and (8) were compared with the numerical simulation
in this paper and existing predictions proposed by Perazzelli et al. [14] under C/D =1 and C/D = 5.
Figures 8 and 9 show the comparative results of the horizontal and vertical hydraulic head field, which
indicates that those results are very similar with Perazzelli et al. [14] and demonstrates accuracy of the
formula provided in this paper. It is worth noting that the numerical simulation and approximate
formula proposed in this paper are based on the assumption of the circular tunnel, while the approximate
formula in Reference [14] is based on the assumption of the rectangular tunnel.

110 20

100 |- 19[

% [ PET—

18 |- | —=— Numerical simulation in this paper
80 [ | —®— Approximate analytical solution [14]
17 —A— Approximate analytical solution in this paper

g 70 i
Z 16 -
- 60 F
8 50 —#— Numerical simulation in this paper g 151
<= 4 —— Approximate analytical solution [14] ~ i
E 40 —&— Approximate analytical solution in this paper N4 __
o -
B 30 B

20 12

10 F 1"F

0 L L L L L L L L 10- P T N TR T TR S S S B
0 20 40 60 80 100 120 140 160 180 0 10 20 30 40 50 60 70 80 90 100 110
x/m Total head / m
(a) Horizontal measuring line (b) Vertical measuring line

Figure 8. Comparison of the total hydraulic head obtained from approximate analytical solutions (this
paper and Reference [14]) and numerical simulation for C/D = 1.
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110 60
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E 40
el I | —=— Numerical simulation in this paper
8 - - Y E B | —e— Approximate analytical solution [14]
= 0T Numerical simulation in this paper ~ i —&— Approximate analytical solution in this paper
= —e— Approximate analytical solution [14] N30
6 4073 —&— Approximate analytical solution in this paper r
= 30 27
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10 15

0 I I I I I I I I 10 L T K X R R R R
0 20 40 60 8 100 120 140 160 180 0 10 20 30 40 50 60 70 80 90 100 110
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b) Vertical ing li

(a) Horizontal measuring line (b) Vertical measuring line
Figure 9. Comparison of the total hydraulic head obtained from approximate analytical solutions (this
paper and Reference [14]) and numerical simulation for C/D = 5.

3. Limit Equilibrium Model of the Tunnel Face Stability Considering the Effect of Seepage Forces

3.1. Outline

The limit equilibrium model composed of a prism and a wedge is illustrated in Figure 10. A tunnel
of diameter D is constructed under a depth of cover C. The uniform support pressure ot is applied
on the tunnel face to sustain stability. The effective weight of the soil is ’, the cohesion of the soil is
c’, the friction angle of the soil is ¢’, and the permeability of the soil is ky. As shown in Figure 8, the
wedge is acted upon by the volume forces and the surface forces. The volume forces include its weight
and seepage force, while the surface forces include the support force of the slurry on the tunnel face,
the resultant normal forces, and shear forces along the failure surfaces ade, bcf, and abfe as well as the
resultant vertical force of the prism at the interface defc.

ﬂ ()
Fx
L A\
P, F,L y < // \
D=2r BEL — / \ } D

z \\ < /
b I bl >~ | FYla
a(b) x [
B=nD/4

Figure 10. Failure mechanism of the tunnel face considering the effect of seepage forces.
3.2. Mechanical Analysis of the Prism

In the cover layer, the calculation of the distributed force acting on the truncated cone is obtained
by modifying the original Terzaghi earth pressure theory considering the vertical seepage forces. Under
the assumptions that water level is located at or above the soil surface, the cover layer above the tunnel
is homogeneous and the ground in the cover layer obeys the Mohr-Coulomb failure criterion with the
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cohesion ¢’ and the angle of internal friction ¢’. The vertical equilibrium of an infinitesimal layer read
as follows.
do’,
dz

where A and L are the area and the circumference of a horizontal cross-section of the prism. i,y can be
calculated with the Equations (6) and (8).

Because of the complexity of the formula i¢oy, the formula icoy is divided into N segments along
the depth direction and icoy is assumed to be constant in each segment icoyit; (=0, 1, 2, ...,N—1).
Then Equation (9) can be written as shown below.

IL ’ ’ .
—Atan(p ZU v = "Y —Ywlcov, (9)

0'vi+1 =0y Atang@’ .
Az - R G’v,i = _)/ — Ywlcov,i+1, (10)

Then the vertical stress ¢’;, y can be obtained by iteration of Equation (10).

Atan ¢’

O-/’U,i+l = ( Az + 1)0/v,i + (_7, - Vzvicov,iJrl)AZ- (11)

where
o /Z),O =0.

3.3. Mechanical Analysis of the Wedge

According to the force equilibrium of the wedge:

Py =Nsina—Tcosa—2Tscosa + Fy, (12)
Py +G+F,=Ncosa+ Tsina + 2T;sina. (13)
where P; is the support force, N is the normal force acting on the surface of the wedge, and G is the
gravity of the wedge.
The gravity G is:
G VD (14)
~ 8tana’

The total shear force T on the slope of the wedge is:

¢'nD?
o ’
T=Ntang'+ =—, (15)
The total lateral shear force Ts on the wedge is then obtained:
2 20’y + Dy’
= Atan ¢’ —————), 16
’ 2tana(c+ ane 3 ) (16)

By Gaussian integration, the volume integral is converted to a surface integral, and the horizontal
seepage forces Fy in the wedge block are shown below.

Fr=vw jj h(x,y,z)ds — sinaJ] h(x,y,z)ds|, 17)
abed abef
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3.4. Calculation of Limit Support Pressure

By solving Equations (12) and (13), the limit support pressure, which is used to stabilize the tunnel
face, is calculated by using Equation (18). Then the critical inclination a., is determined by iteratively
maximizing the necessary support force.

as = fic’ + f2y'D + f30u + faFz + f5F, (18)

where the coefficients f1, f5, f3, f4, and f5 are:

_ l+tan(a—g@) tana
fi=- tana - My
_ tan(a—@) MpAtang
fr= 2tana 3

_ tan(a—p)  2MpAtang
fi= tana 3

__ 4tan(a—g) ’ (19)
fa= nD?

__ _4
fs = nD?2

4 cos afcota+tan(a—g)]

My = - =

4. Comparison of the Limit Support Pressures with the Existing Approaches

The results obtained from the theoretical analysis model developed in this paper were validated
by comparisons with existing approaches (Lee et al. [1] and Perazzelli et al. [14]). The tunnel diameter
D is 5 m, and the cover depths C are 10, 15, and 20 m assuming that the water table is located at the
soil surface (i.e., iy = C + D). The cohesion and friction angle of soil are 0 kPa and 35°. The dry and
submerged gravities of the soil are 15.2 kN/m? and 5.4 kN/m3. As shown in Figure 11, the calculated
limit support pressure increases linearly with the water table. Moreover, the results from this paper
were between the results from Perazzelli et al. [14] (the highest solutions) and from Lee et al. [1] (the
lowest solutions).

68 -

64 |-

L —=— Perazzelli et al. (2014)
60 | —e— Lee et al. (2003)
—a— This paper

56 -

52 -

o, (kN/m’)

48 |

44 -

2.0 25 3.0 35 4.0
C/D

Figure 11. Comparisons of limit support pressure with variation of the C/D ratio.
5. Sensitivity Analysis of Model Parameters on the Limit Support Pressures

5.1. Influence of the Variables of the Hydraulic Head on Limit Support Pressures

Figure 12 describes the influence of Ah/D on the normalized effective limit support pressures
o’t/(y’D) with a different effective friction angle of the soil ¢’. The tunnel diameter D is 10 m and the
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cover depth C is 10 m. Hydraulic head /g are 20 m, 40 m, 60 m, 80 m, and 100 m. The effective friction
angle of soil are 15°, 20°, 25°, 30°, and 35°. Submerged unit weight of the soil is 10 kN/m3.

8

7+

o' /(y'D)

Ah/ D

Figure 12. Influence of Al/D on the normalized effective limit support pressures o’t/(y’D).

As shown in Figure 12, when the buried depth ratio is the same, the normalized effective limit
support pressures of the shield tunnel face increases linearly with the increase of hydraulic head.
Moreover, the higher the effective friction angle of the soil is, the lower the normalized effective limit
support pressures are.

5.2. Influence of the Variables of the C/D on Limit Support Pressures

Figure 13 describes the influence of C/D on the normalized effective limit support pressures
o’1/(y’D) with a different effective friction angle of the soil ¢’. The tunnel diameter D is 10 m, and the
cover depths C are 10, 20, 30, 40, and 50 m. Hydraulic head / is 100 m. The effective friction angle of
soil are 15°, 20°, 25°, 30°, and 35°. Submerged unit weight of the soil is 10 kN/m3.

9

8| ——gp'=15°
I —o—@'=20°

7k —A— p'=125°

o' /(y'D)

3+ »\»\ <

L ’\y

oL . 1 . 1 . 1 . 1

1 2 3 4 5
C/D

Figure 13. Influence of C/D on the normalized effective limit support pressures ¢’1/(y’D).

As shown in Figure 13, when the hydraulic head is the same, the normalized effective limit
support pressures of the shield tunnel face decreases nonlinearly with the increase of the buried depth
ratio. It should be noted that, with the same hydraulic head, the small buried depth of the shield tunnel
leads to the larger horizontal hydraulic gradient in front of the tunnel face (c.f. Figure 5 or Section 2 in
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Reference [14]) and the greater the horizontal infiltration force in front of tunnel excavation, which
means the larger limit support pressures. Similarly, the higher the effective friction angle of the soil,
the lower the normalized effective limit support pressures will be.

6. Conclusions

This paper investigates the problem of the face stability of the shield tunnel under a seepage
condition within the framework of limit equilibrium analysis. First, numerical simulations are carried
out in this paper to analyze the distribution rules of total hydraulic head, pore water pressure, and
a hydraulic gradient near the shield tunnel face under the condition of stable seepage with different
cover depths. Then, based on the distribution rules of total hydraulic head, new formulas for predicting
the total hydraulic head along the horizontal and vertical directions are proposed and compared
with the numerical simulations in this paper and existing approximate analytical solutions. Second,
the classical limit equilibrium model is revised by incorporating the new approximate analytical
solutions of the hydraulic head field to determine the failure modes and the limit support pressures
with a numerical optimization procedure. Lastly, the comparisons of the results obtained from the
theoretical analysis in this paper and the existing approaches are conducted. The main conclusions are
shown below.

(1) The distribution law of total hydraulic head field along the horizontal distance at the axis of the
shield tunnel is analyzed. The results show that the distribution of total hydraulic head at the
axis of the shield tunnel face along the horizontal distance is a “negative exponential” function.
The distribution law of total hydraulic head along the depth direction of the shield tunnel in front
of the tunnel face on the vertical symmetrical surface is analyzed. The results indicate that the
distribution of total hydraulic head along the depth is nonlinear when the tunnel is close to the
tunnel face.

(2) The comparative results of the horizontal and vertical hydraulic head field with the numerical
simulations in this paper and existing approximate analytical solutions demonstrate accuracy of
the formula proposed in this paper.

(3) Comparisons of the results of limit support pressure obtained from the theoretical analysis in this
paper and the existing approaches show that the failure mechanism proposed in this paper could
provide relatively satisfactory results for the limit support pressures applied to the tunnel face.

(4) When the buried depth ratio is the same, the normalized effective limit support pressures of the
shield tunnel face increases linearly with the rise of the hydraulic head. When the hydraulic head
is the same, the normalized effective limit support pressures of the shield tunnel face decreases
nonlinearly with the increase of the buried depth ratio. Moreover, the higher the effective friction
angle of the soil, the lower the normalized effective limit support pressures will be.
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