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Abstract

It is of importance to analyze the morphological characterization, the evolution process and the skewed effect of
pressure-arch of a double-arch tunnel in the water-rich strata. Taking a buried depth 80 m double-arch tunnel as an
example, a computational model of the double-arch tunnel was built by using FLAC3D technique. Then considering
some aspects including groundwater conditions, tunnel depth, construction sequences and permeability coefficients, the
coupling effect of stress field and seepage field in the pressure-arch of the double-arch tunnel was analyzed. The results
show that the thickness of the pressure-arch induced by step-by-step excavation and display a step-descent skewed
distribution from the left to the right of the double-arch tunnel. The permeability coefficient has a significant influence
on the shape and the skewed effect of the pressure arch. The excavation of the bench method has a better arching
condition than that of the expanding method. The abtained results provide a basic reference for the rock reinforcement

design and safety construction of double-arch tunnels in the water-rich strata.
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1. Introduction

Since the double-arch tunnel with a large span has larger
pressure in the surrounding rock and the excavation of the
left and right tunnels interaction, the force of the supporting
system wusually is very complicated. Consequently,
collapsing and roof caving accidents frequently happen in
the weak surrounding rock [1]. Especially for the water-rich
strata, the coupling effect of the seepage field and the stress
field in the surrounding rock of the double-arch tunnel may
lead to a larger deformation and higher risk. A large number
of engineering practices showed that the fluid-solid coupling
effect is very important for the double-arch tunnel
excavation in the water-rich strata.

At present, considering the permeability of the surrounding
rock of a tunnel, numerous works have been done and many
achievements have been obtained on the tunnel excavation.
For example, Lee et al. studied the seepage field distribution
and the seepage force in the excavation process of the
shallow-buried tunnel and the underwater circular tunnel [2].
Fahimifar et al. derived an analytical solution of the
underwater tunnel under the axisymmetric plane strain
condition, taking into account the permeability variation in
the surrounding rock caused by the coupling effect of the
penetration force and the hydraulic force. It applied the
strain-softening models and Hoek-Brown empirical strength
criterion to describe the surrounding rock behavior. They
found that the tunnel stability depended on the seepage and
the pore pressure, especially under a high hydraulic gradient

* E-mail address: Idlcc_010@163.com
ISSN: 1791-2377 © 2016 Eastern Macedonia and Thrace Institute of Technology.
All rights reserved.

condition [3]. Based on the derivation of the closed
analytical solution and the numerical analysis, Arinoi et al.
studied the distribution of the pore pressure of the
surrounding rock under different drainage conditions [4].
Fernandez et al. believed that the reasons of an inaccurate
water inflow forecast were without considering the hydraulic
coupling effect of the rock joints. They analyzed the
mechanical properties of the joints under the hydraulic
coupling, and deduced the correct analytical solution of the
water inflow and the pore pressure distribution. The
solutions based on that the surrounding rock permeability
decreased under non-supporting excavation condition, and
these results were verified through on-site measurements
and numerical simulation [5]. Yoo et al. revealed the direct
relationship between the water level and the surface
subsidence by a three-dimensional finite element model for
coupling analysis of the stress and the pore pressure [6].
Using the rock failure analysis program (RFPA), Zhu et
al. studied the evolution mechanism of an excavation
damage zone for a circular well under hydraulic coupling
conditions, and pointed out that the permeability changes of
the surrounding rock were affected by two different
mechanisms [7]. Based on the discrete fracture network
(DFN) model, Yang et al. investigated the equivalent
permeability coefficients and the destruction tensor of a
sandstone roadway [8]. Based on Xiamen subsea tunnel, Li
et al. built a quasi-three-dimensional model, they pointed out
the stress size and plastic zone scope varied greatly whether
considering the coupling effect of the stress and the pore
pressure or not [9]. Ji believed that the coupling effect of the
supporting structure, water and the surrounding rock should
be considered during the tunnel excavation in the water-rich
strata [10]. Li et al. found that the seepage effect of the
underground water has a great influence on the tunnel
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deformation, and the excavation of the pilot heading has the
most direct and obvious influence on the seepage field of the
surrounding rock [11]. Ji et al. suggested that the pore
pressure around the tunnel greatly reducing should be
avoided owing to harmful impacts on the surface existing
building structures [12]. Based on field measurements and
fluid-solid coupling numerical analysis, Zhang et al. studied
the relationship between high drainage method and the
tunnel stability under different water level conditions [13].
Using the Soilworks software, Lai et al. pointed out that the
controlled drainage scheme could reduce the action of the
groundwater and had a remarkable effect on controlling the
tunnel deformation and significantly reduced the plastic
areas of the excavation [14].

As a brief summary, the relevant research on tunnel in
the water-rich strata mostly focused on the water inflow
forecasting, drainage construction and tunnel stability
problems. However, these studies on the morphological
characteristics and dynamic evolution mechanism of the
pressure-arch induced by the step-by-step excavation of a
double-tunnel in the water-rich strata were rarely reported.
Taking the double-arch tunnel in the water-rich strata as an
example, considering the fluid-solid coupling effect, the
evolution mechanism analysis of the pressure-arch by tunnel
step-by-step excavation were carried out in this paper. The
remainder of this paper is organized as follows. Section 2
describes the computational model and numerical analysis
schemes. Section 3 gives the results and discussion of the
pressure-arch evolution characteristics of the double-arch
tunnel in the water-rich strata. Conclusions are summarized
in Section 4.

2. Materials and methods

2.1 The computational model

The cross-section of a double-arch tunnel to be modelled is
shown in Figure la. The double-arch tunnel is 9.8 m high
and 25.5 m wide. The surrounding rock of the tunnel is
mainly composed of moderately weathered sandstone.
Figure 1b shows the major part of the numerical model
being treated as a plane problem. In the global coordinate
system, the model dimensions are defined as 125 m x 1 m x
142 m in the x-, y-, and z-axis direction respectively. The

horizontal movement of the model was restricted, the model
bottom was fixed, and the upper surface of the model was
the load boundary applied the uniform load to simulate the
weight of the overburden rock. The groundwater conditions
were considered in the model by applying the fixed water
head on both boundaries of the model, which varied linearly
from top-down with depth, and the bottom is an
impermeable boundary. In the calculation process, five
monitoring lines were set to track the thickness variation of
the pressure-arch with tunnel step-by-step excavation.
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(b) The computational model and monitoring lines
Fig.1. Excavation scheme of the tunnel and schematic of the
computational model.

The physical, mechanical and hydraulic parameters of
the highway double-tunnel were selected as listed in Table 1.

Table 1. Physical and mechanical parameters of the soil of the pit

Density Elasticity modulus Poisson ratio Friction angle Cohesion Tension Permeability coefficient
(kN/m’) (GPa) ©) (MPa) (MPa) (cm/s)
25.00 10 0.25 45 1.20 0.50 3.0x10°

2.2 Pressure-arch parameters of the double-arch tunnel
For the sake of simplicity, the element stress variable e is
defined as

O-max -0,

—max_—min s 100%
O,

max

(M

e=

where g and g . are the maximum and the minimum
max min

principal stress in the surrounding rock respectively after the
double-arch tunnel being excavated [15].
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In this study, the pressure-arch shape in the surrounding
rock of a double-arch tunnel is simplified as that shown in
Figure 2, in which the pressure-arch of the double-arch
tunnel is divided into three zones. For Zone 1, the
characteristic parameters of the pressure-arch are defined as
the vault thickness S;, the waist thickness S, and the
skewback thickness S;, respectively. It is the same for Zone
2 and Zone 3. The inner boundary of pressure-arch is
defined as the line of the major principal stress peaks. From
the stress variation perspective, the element stress variable e
=15 % is regarded as the outer boundary of the pressure-
arch. On both lateral wall corners of the double-arch tunnel,
the side boundary extends towards the depth of the
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surrounding rock and meets the inner and outer boundaries
of the pressure-arch along the rock rupture angle g .

According to the Rankine soil pressure theory, the rock

rupture angle is B= 45° +§, where @ is the inner friction

angle of the surrounding rock of the double-arch tunnel.

Zone 1

¢ E

Fig. 2. Pressure-arch zones and morphological parameters of the
double-arch tunnel.

2.3 Simulation analysis schemes
In the numerical calculation, the assumptions were as
follows:

(1) The surrounding rock behavior followed the Mohr-
Coulomb strength criterion.

(2) The tunnel was in hydrostatic stress state, namely the
lateral pressure coefficient 4 was 1.0.

(3) The surrounding rock was in the water-rich strata
during the excavation process.

The buried depth, excavation sequence and permeability
coefficient were all considered to study the morphological
evolution of the pressure-arch of the double-arch tunnel. The
selected calculation conditions were listed in Table 2.

Table 2. The numerical simulation conditions

Conditions Contents of Simulation
Bench  method  stepwise excavation,
Depth variation permeability coefficient of 3.0 x 10° cm/s,
different depths of 2.5D, 4D or 6D.

E . Using bench method or expanding method
Xcavation . . .
sequence excavation, surrounding rock permeability
4 coefficient of 3.0 x 10" cm/s, depth of 2.5D.

Bench method stepwise excavation, depth of
Permeability 2.5D, surrounding rock  permeability
coefficient coefficient of 3.0 x 10 cm/s, 3.0 x 107 cm/s

or 3.0 x 10 cm/s.

Bench method stepwise excavation, depth of
Saturation and dry | 2.5D, surrounding rock  permeability

coefficient of 3.0 x 10°° cm/s, saturation or dry.
Note D was the width of the double-arch tunnel.

3. Results and discussion

3.1 The influence of groundwater on the pressure-arch
The bench excavation process was divided into five steps as
shown in Figure 3:

Step 1 as shown in Figure 3a, after the pilot tunnel being
excavated, due to the stress self-adjusting effect of the
surrounding rock, a symmetrical pressure-arch gradually
formed at the top of the pilot tunnel.
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Step 2, after the middle wall of the double-arch tunnel
being constructed (Figure 3b), section 2 of the left tunnel
was excavated. Then the pressure-arch of the left tunnel
formed and gradually developed, the pressure-arch thickness
of the pilot tunnel increased.

Step 3, after section 3 of the left tunnel being excavated
(Figure 3c), the disturbed area of pressure-arch in the
surrounding rock increased, and the left side pressure-arch
basically formed around the left tunnel. The stress on the top
of the pilot tunnel significantly concentrated, indicating that
the stress of the middle wall increased significantly.

Step 4, after section 4 of the right tunnel being excavated
(Figure 3d), the disturbed area of the pressure-arch further
increased and the pressure-arch of the left tunnel continued
to rise and the thickness of the pressure-arch further
increased. At the same time, the pressure-arch of the right
tunnel was connected to the left one and formed a skewed
asymmetric compound pressure-arch.

Step 5, after section 5 of the right tunnel being excavated
(Figure 3e), the thickness of the pressure-arch significantly
increased, indicating that the stress of the right tunnel at this
stage was significantly adjusted. But the thickness of the
pressure-arch of the left tunnel was higher than that of the
right tunnel, namely the compound pressure-arch of the
double-arch tunnel showed an obvious skewed distribution.

By comparing Figures 3 and 4, we can see that the
evolution process of the pressure-arch of the double-arch
tunnel in the water-rich strata is similar to that under the dry
condition. However, in comparison with the dry condition,
the pressure-arch thickness under the saturated water
condition is greater and the pressure-arch shape is not sleek
and the skewed characteristics are more obvious.

AW W W W T O A S A A A A A 4
AN 1 1777

ALY

N Z
N 4Py
\\\ /;/
\\\\‘ ’////
N AL
\.\:\: :/://
TR gansgul
T AT
S ™t~ ) * A1 L4
SNNRRng { ¥ - 1 H L

LTI Sl

L 1]

RN ARRERERN,
RRERRRIGi T
T T
[ RERREE RRREA
LIFITTT Tt T IHRENEY

(a) Stepl
\ I W W Y J J L L I 7 7
ANEAN \\ \\ AN — JJ
A

N
NN U
[ \\ /‘//
:\:\ H /:/’
\:\\\ /:/:/

~U™ =T A
M N AL LA
L gaggant
T HTT

et 1§ - - A e |

11171 ITIV]

(b) Step 2



C.L. Li, S R Wang, Z. S. Zou, X. L. Liu and D. Q. Li / Journal of Engineering Science and Technology Review 9 (1) (2016) 44-51

NN W WL WL W W
AN
e AN A W W W Y T S | B Y Y W W L W 1 [~
i D W L W W W Wl ) S W WA W W W W STt
N 1 LS L LTt . U R, N SOt
. 1 I NS AN ATT S AL VLt NLLLttit
Tt o X STt h T
I 11 | I AT - Sy I —
Tt L LT - h —1
N I N I e N S o B
I I1H.|IH\IHH I 1 1 & 1 N vl\_llHHHHll-l
N T N ot o e o ST R Wy | - —
|— - ey [~
[~ [~ -
= - — ™
™ it - ™ ey Hit o —
o t - 8 N i — o — . =
. [~
=+ v | =< n
|| — [q\] | 1 o [
o [ & =5
p] p] p]
w2 T w2 w2
| = M = H n@ |
& 2 | e L
-+ - - = o
» . H » . -
T — - I — H
H st 1 8 01
|4 |+ & [~
H Ny e I g ..l.”f.]]ll - H 1" g — 11
§ e e bz HHHH”WMH ’ - . 1
L 1 ...l]l”llln \\ L] |4 § ] N 3 Illl”.llll]
1 7 71711 - n
V1 ra & 7101 - I 77717171 n 1 JIZ71 10 -
p T b 777711 | 27777111 P 2777711
L LL7 7777111 LL7 7771111 LL7 77777111
& ! UKLIZ 77777171 A L2727 7777117 UMLLLI 7777171
T 77777777111 777777771117 VA A A A
] VA A A A A S S S S S ] VA A S AR SN SN SN SN SN S | 7 71—
- NN AN W Y W Y T N | AN W W W T T - =
N + BN N W W W W W DL LW W W W W W W g
} I N U W W W W W NS VAW W W WL B
N 4 TS S Lt L SN VL S
1 3 <
L LTt | i 2
I i - I TLs Lttt PR N 114 2
} 11 RN RE L 1 i
™4 |ttt IS S aEEE [N RS Dt el s s s o s ol -
e - L1 <]
™ I I 11T I 11 <
B o e i B M I N —t1 + g
- Lt -
[~ s [ =
) ¥ . . m g
(3
o i - - . o
™1 113 = < ™ cNOTOONOO ™ W
I a [ a [ 0o n
8 8 §28282282282882835¢
n A |.4I4I14I1¢l14|¢lm\|.uw
| w - @ - m L o
=4 e =1 |~ a m .
[ — = [ C mm
g g - I cE
@ 5 £
[~ [+ [+ (=]
— .m v v v = O
W . = —t 1] 1 3123456789 =]
Ay - o s 2
[ A et -~ — 1| [ o S
- H - 0} £E
14 T H 73
V1 11 [ I 1 I 1 g o
/ H ; 0/ = <2
P 11 A LI 77777171 1 p
1+ 77777777717 | 202
T /S /7777771717 /S /77T T | I = =

(d) Step 4

47



C. L. Li, S.R. Wang, Z. S. Zou, X. L. Liu and D. Q. Li / Journal of Engineering Science and Technology Review 9 (1) (2016) 44-51

— W W y — Z y—
/[////7"
VAV

e /
A AN W/
., / A

I J /7 /7

1777
7

T 1T T 7 7 7

{17777

J
L T LN

IRERRARY
L - ——

{
Y

{ 1 1

Gradient Calculation
1.5000e-001 to 2.0000e-001
2.0000e-001 to 3.0000e-001
3.0000e-001 to 4.0000e-001
4.0000e-001 to 5.0000e-001
5.0000e-001 to 6.0000e-001
6.0000e-001 to 7.0000e-001
7.0000e-001 to 8.0000e-001
8.0000e-001 to 9.0000e-001
9.0000e-001 to 1.0000e+000

(e) Step 5
Fig.4. Pressure-arch evolution process with bench method excavation
under the dry condition.

Taking the left vault thickness S) as an example, S| is
approximately 14.23 m under the saturation condition
(Figure 5a), and S is approximately 11.34 m under the dry
condition (Figure 5b), indicating that the groundwater
actions seriously affects the pressure-arch of the double-arch
tunnel and increases S; by about 25.5 %.

As shown in Figure 6, by comparing the pressure-arch
thickness S; along the monitoring line (1), line (5) and line
(2), it can be seen that in comparison with the dry condition,
the pressure-arch thickness S; under the saturation condition
significantly increased, indicating that the self-stability of
the surrounding rock weakened for the fluid-solid coupling
effect, and more surrounding rock masses were mobilized to
form the thicker pressure-arch, therefore the pressure-arch
thickness S under the saturation condition is greater.
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3.2 Evolution characteristics of the pressure-arch under
different buried depth
The evolution characteristics of the pressure-arch of the
double-arch tunnel under the buried depth of 2.5D (66.7m),
4D (102m) and 6D (153m) separately were analyzed in the
water-rich strata below.

As shown from Figure 7 that the outer boundary of the
pressure-arch in the surrounding rock increased with the
buried depth increasing, in comparison, the pressure-arch
thicknesses at both sides of the double-arch tunnel increases
obviously with the buried depths, and the arch shoulder and
arch foot also grow to the deeper surrounding rock.

The pressure-arch thicknesses S; along the monitoring
line (1), line (5) and line (2) under three buried depths were
shown in Figure 8. The results showed that the left side
thickness S; variation of the pressure-arch was more
significant and the increased value was the largest with
depth increasing. The §; value of the 6.0D depth increased
60.6 % relative to that of 4 = 2.5D. The S increased value
of the right side of the pressure-arch followed, and the S; of
H = 6.0D increased 24 % compared to that of H = 2.5D.
With the depth variation from 2.5D to 6.0D, the thickness
ratio of the left and right sides of the pressure-arch increased
from 1.46 to 1.90, so the skewed effect of the pressure-arch
of the double-arch tunnel increases with depth increasing in
the water-rich strata.
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3.3 Construction sequence effect ’ 1
In this study, both the bench method and the expanding 20 4
method excavations were considered, in which the first two 7
excavation steps were the same. Figure 9 showed the Z 184
pressure-arch shape evolution of the last three steps of 2
expanding method, in which the right tunnel excavation < 16
earlier than bench method resulted in fairly symmetrical E
pressure-arch shape and a less skewed effect. £ 144
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Fig.9. Pressure-arch evolution characteristics with the expanding
method in the water-rich strata.
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Fig.10. Pressure-arch thickness variation curves with different

construction sequences.

The pressure-arch thicknesses S; along the monitoring
line (1), line (5) and line (2) under two construction
sequences were shown in Figure 10. The results showed that
the pressure-arch thickness S; of the expanding method
excavation was larger than that of the bench method, as a
result of more bigger free face with earlier excavation of the
right tunnel and more deeper distribution in the surrounding
rock, where more rock mass were mobilized to form the
pressure-arch, thus the expanding excavation was not good
for the self-stability of the surrounding rock than that of the
bench method.

3.4 Permeability coefficient effect

Considering permeability coefficients of the surrounding
rock are 3.0x10°¢ cm/s, 3.0x10° cm/s and 3.0x10™cm/s
separately, the pressure-arch evolution characteristics of the
double-arch tunnel are analyzed.

It can be seen from Figure 11 that the skewed features of
pressure-arch of the double-arch tunnel were increasing with
the permeability coefficient increasing. With a larger
permeability coefficient, the surrounding rock stress is
affected more and the pressure arch range enlarges, showing
a disadvantage for the surrounding rock stability.
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Fig.11. Pressure-arch characristics variation with different permeability
coefficient.

The pressure-arch thicknesses S; along the monitoring
line (1), line (5) and line (2) under different permeability
coefficients were shown in Figure 12. The results showed
that with the permeability coefficients increasing, the left
side and right side thicknesses S, of pressure-arch increased
significantly, whereas the vault thickness S of the pressure-
arch substantially remained the same.
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4. Conclusions

The double-arch tunnel being excavated step-by-step would
induce the interaction of the stress and the pore pressure and

gradually formed compound pressure-arch in the water-rich
strata. The height and the thickness of pressure-arch of the
double-arch tunnel showed skewed characteristics with the
step descending from the left to right tunnel.

The saturation condition and the permeability coefficient
had a significant effect on the skewed effect of the pressure-
arch, the arching prerequisite under the saturation condition
showed the opposite trend compared to that of the dry
condition.

The pressure-arch in the surrounding rock of the water-
rich strata was affected by the buried depth and excavation
sequence of the tunnel and the bench method had a better
arching condition than that of the expanding method.
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