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Abstract: The stability of deep soft rock tunnels is of particular concern under seepage conditions.
Aiming at thoroughly discussing the seepage actions and their consequences on the support scheme
of such structures, the host rocks of the Weilai Tunnel situated in Guangxi province of China are
taken as the research substance. Emphasizing on seepage conditions, stresses, displacements and
plastic zone radii along the surrounding rocks of such tunnel are adequately examined taking into
consideration the Mogi-Coulomb strain criterion and the elastic-plastic theory. Subsequently, based
on strain-softening model, the coupled actions of seepage and softening on the rocks surrounding
the tunnel are studied. According to the results, it is revealed that the support scheme of deep soft
rock tunnels must be of highest resistance possible to better decrease the plastic zone and the
tangential stress along the host rocks. Moreover, throughout the surrounding rocks, the
dissemination of pore water pressure is strongly affected by the uneven permeability coefficient
under anisotropic seepage states. Combined effects of softening and seepage are very dangerous for
the surrounding rocks of deep-buried tunnels. To better guarantee reasonable longevity of such
tunnels, long-term monitoring of their support structures with reliable remote sensors is strongly
recommended.

Keywords: deep-buried tunnels; seepage actions; soft rocks; Mogi-Coulomb strain criterion; strain-
softening model; analytical models; tunnel safety and stability

1. Introduction

In deep underground engineering, seepage actions are frequent and their consequences are
usually notable. The performance reduction of the support scheme and therefore the longevity of
deep-buried structures are among the major effects of seepage actions in tunnel engineering. It is
recognized that long-term effects of seepage actions are precursors of many failures in deep rock
tunnels. This is due by the fact that stresses and displacements in underground tunnels can be
increased by the actions of seepage [1]. In such situations, as related by Otsu et al. [2], it is required
to reasonably assess the stability of tunnels facing seepage problems. In fact, worse instability events
can be happened under hydromechanical coupling when water propagates and concentrates in the
existing interstices of tunnel surrounding rocks [3]. In deep soft rock strata, water seepage effects are
even of huge concern and remain an open pertinent topic. This is because hydration is one of the
most determining factors of soft rock alteration mechanism. Precisely, water seepage hastens the
deterioration of soft rock constituents such as clay minerals and argillaceous cement, and put the
tunnels in extremely dangerous conditions. Therefore, it is essential to adequately and accurately
discuss the effects of seepage actions in the support structure of deeply buried tunnels in order to
better guarantee their long-term safety and stability.

Abundant research results exist on the effects of water seepage in deeply buried tunnels. For
instance, from an elastic, homogeneous and isotropic rocky media, Nam and Bobet [4] revealed that,
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at a tunnel face, the extent and distribution of radial deformations can be significantly increased due
to the water seepage. Combining theoretical and numerical analyses under the conditions of seepage
forces, an analytical solution for ground convergence has been proposed by Shin et al. [5] to forecast
the stability of deep tunnels where the host rocks are reinforced with grout and rock bolts. But a
specific case has not been detailed for accurate application of this solution. Wang et al. [6] analysed
elastoplastically the surrounding rocks of deep tunnels via twin shear unified strength theory under
seepage conditions. Their results show that, for proper tunnel support structure design and stability
control, seepage actions are one of the major factors that need to be adequately taken into account.
Based on strain-softening rock masses and nonlinear Hoek-Brown failure criterion, Fahimifar et al.
[7] proposed an elasto-plastic model to analyze the effects of seepage forces in deep-buried tunnels.
Although they have presented some examples for the validation of their model, it remains difficult
to accurately apply their solution in deep soft rock tunnels built in complex geomechanical and
hydrological conditions. Using a bolted tunnel face and under seepage flow conditions, a
computational method were developed by Perazzelli et al. [8] to study the stability of lined tunnels.
Nonetheless, such calculation method can be better applied to approximate support schemes of deep
rock tunnels. On their sides and considering seepage forces, Jin-feng et al. [9] employed two failure
criteria (Generalized Hoek-Brown and Mohr-Coulomb) to establish analytic solutions for evaluating
the displacements and plastic radii of circular tunnels working in rock masses exhibiting elastic-
plastic and elastic-brittle—plastic behaviors. According to their outcomes, water seepage greatly
affects the deformation of rock tunnels. However, it remains difficult to adequately apply such
solutions in realistic case studies due to their complicated mathematical expressions. By considering
the effects of water seepage actions, Yang et al. [10] studied the long-term stability of deep soft rock
tunnels mainly lodged in chlorite schist. Under such conditions, they proposed a visco-elastoplastic
rheological model that can describe the comportment of the mentioned soft rock and designed an
appropriate support structure aiming at ensuring durably the safety and stability of deep tunnels
which are mainly bedded in chlorite schist. Analytical model for determining external stresses in
tunnel lining has been established by Yan et al. [11] by combining seepage flow and elastic theories.
Their results mainly shown that the evolution of rock permeability coefficient governs the peak
permissible drainage flow along the tunnel environments. Using the conformal mapping techniques,
Chen et al. [12] proposed workable analytical solutions of anisotropic and steady seepage field for
deep grouted and lined tunnels. Nevertheless, since the exact rock types hosting such tunnels are not
clearly provided, this makes it difficult to accurately employ such solutions in a given study case.
Taking into consideration the upper bound theorem of the limit analysis, Di et al. [13] studied the
stability of tunnels from an analytical solution combined with an extension of Fourier series and
numerical method for the tunnel face seepage field. Such a solution is very interesting for assessing
the stability of tunnel face taking into account the effects of water seepage. Recently, Guo et al. [14]
proposed an analytical method to predict the seepage field around twin tunnels by expanding the
Schwartz alternating method associated with issues related to multi-connected domains. Their
solutions are suited to deep-buried tunnels crossing diverse rock types possessing different
mechanical properties.

Since water seepage is a typical engineering concern [15-21], which generally generates durable
unwanted actions in deep rock tunnels [22-26], they need to be thoroughly taken into account in deep
rock engineering. Indeed, water seepage can induce seepage pressure which will endanger the
support structure of the tunnels. Markedly, such seepage pressures may produce tensile force which
should be supported by the primary support such as the rock bolts and cable bolts [27]. Thereby, for
long-term safety and stability reasons, as explained by Yang et al. [28], the lining structure of deeply
buried tunnels can be designed taking into account the seepage field existing around the surrounding
rocks. However, based on realistic cases, in-depth discussions on the actions and consequences of
water seepage are not yet abundant in the literature.

In this paper, the seepage actions and its consequences in deep-buried tunnels are analytically
discussed, taking the surrounding rocks of the Weilai Tunnel in Guangxi province of China as a case
study. The research gaps can be substantially filled by the study of this tunnel which presents
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complex host rocks where common major engineering problems exist. The main objective of this
paper is to show how the actions of seepage affect the support structure and the stability of deep-
buried tunnels built in soft rock environments. This paper can provide in-depth understanding of
seepage effects on deep underground structures and can serve as a very good reference for related
research studies.

2. Project Overview, Engineering Context and Rock Parameters

Given its complex conditions in terms of geology and hydrology, the Weilai Tunnel situated in
Guangxi province of China is taken as the research substance. It is buried at a depth of 105 m, and is
part of the Tianxi Expressway project, and is connected to the G357 national highway. The Weilai
Tunnel has two lanes, the right one having a length of 662 m and the left one having a length of 686
m. The starting and ending stakes of the right and left lanes are respectively indicated by
K114+422~K115+084 and Z4K114+424 ~Z4K115+110. Drill-and-blast excavation method has been
employed with controlled sequence during the construction of the Weilai Tunnel. A location map of
this tunnel and its surrounding rock situation is shown in Figure 1. Figure 2 schematically illustrates
the main rock types located in the tunnel alignment. The most predominant surrounding rock of this
tunnel is argillaceous sandstone which is broken, according to a revelation made by a relevant
geological survey.

Chi i
- ‘ HENAN l l l 101 l l l
—'I §urrounding rocks
(al,JBE' ANHU ‘—Pi
-

i
d=—=
SICHUAN v
»Chongging R
BK
Po e==Po
GUIZHOU HUNAN JIANGXI
P ]
- ! FUJIA
YUNNAN f —h
GUANGDONG
k! ]
'_\/:\’ :\\ ® [—
Ba \ L B —
e L T Hona'Kong — A

a|:>s‘.*:j ....... 200/mi ? )
= =0 TTTIITT]

Figure 1. Relevant details: a) A view of location map of the Weilai Tunnel; b) Excavated section subject
to an initial hydrostatic stress field P,.
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Figure 2. Main rock types along the Weilai Tunnel alignment.

Groundwater is relatively rich in the tunnel site due to the existence of aquifers which are close
to the tunnel surroundings and the presence of broken rock types. Considerable groundwater
ingresses were triggered in the excavated region during the construction of this tunnel. Relevant
measures have been taken to deal with these groundwater influxes. However, over time, water
seepage will be inevitably occurred in the host rocks [29], and it will be a significant issue regarding
the long-term safety and stability of the Weilai Tunnel.

Research results related to many rock parameters are rich. For the surrounding rocks of the
studied tunnel, the parameters characteristics in dry and wet conditions are displayed in Tables 1
and 2, referring to Frenelus and Peng [30]. Note that, in wet conditions, most rock parameters are
diminished. Additional parameters of the surrounding rocks and that of the tunnel radius are
presented in Table 3, based on relevant engineering reports.

Table 1. Average basic values of the parameters characteristics of argillaceous sandstone in dry states
around the tunnel.

Rock type Uniaxial Elastic Poisson’s Cohesion Internal Density
compressive Modulus ratio (MPa) friction (g/cm3)
strength (MPa) (GPa) angle (°)
Argillaceous 10 2.2 0.23 5.06 30 0.24
sandstone

Table 2. Average basic values of the parameters characteristics of argillaceous sandstone in wet

states.
Rock type Uniaxial Elastic Poisson’s Cohesion Internal Density
compressive Modulus ratio (MPa) friction (g/cm®)
strength (MPa) (GPa) angle (°)
Argillaceous 6.6 0.62 0.39 0.93 7.5 0.38

sandstone
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Table 3. Additional Parameter characteristics of the tunnel and its host rocks.

Relevant parameter characteristics Unit Value
Initial hydrostatic stress MPa 10
Hydraulic pressure MPa 5
Residual internal friction angle degree 53
Residual cohesion kPa 0.61
Plastic softening parameter - 0.005
Tunnel excavation radius m 6
Tunnel net radius m 5

3. Adopted Mechanical Model of the Tunnel and Seepage Pressure Determination

Two main parts describe the geometry of the actual tunnel cross section such as an upper part
which is semi-circular, and a lower part which is rectangular. For convenience of computation and
analysis, the whole tunnel is treated as a circular section, in accordance with Peng et al. [31]. Figure 3
displays the adopted mechanical model of the Weilai Tunnel.
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Figure 3. Adopted mechanical model of the Weilai Tunnel.

An initial hydrostatic pressure P, is assumed to be existed along the host rocks of the tunnel.
The initial seepage field that exists around the tunnel induces an external hydraulic pressure P,.One
represents by h the hydraulic head which is at infinity. One denotes by R; the radius of the tunnel
just after excavation, by R, the effective radius of the tunnel after placement of secondary lining,
while Rp represents the distance between the tunnel center and the boundary of the plastic zone.
Subsequently, R; is assumed to be the distance between the tunnel center and the infinity. The
adopted mechanical model of the studied tunnel under seepage states is presented in Figure 4.
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Figure 4. Mechanical model of the supported tunnel under seepage states.
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Indisputably, due to the external pressure of water, a seepage field exist and will disturb the
support structure performance. As the tunnel is lined, a stable symmetric seepage field is taken into
consideration. Moreover, the permeability of the lining structure and that of the surrounding rocks
are also considered. Indeed, referring to Tung and Tung [32], the differential equations of the seepage
pressure (B,) can be read as below:

@Ry | 1an
dR? ' R; dR;

The relevant boundary conditions can be written as follows:

P, =0; atR; = R,
Py, =Py; atR; = Ry (2)
P, =P,; atR; = Rp

Here P,,; stands for the seepage pressure which is existed at the interface between the host rocks
and the lining.

The continuity and limit conditions are put forward when solving the equations (1). Hence, the
seepage pressure can be found equal to:

=0 (1)

Py1ln (R )
m(Ro)
Phln( )+Pwlln(R )

Y ()

P, = atRy <R, <R,

®)
atR, <R; < Rp

By representing the apparent density of groundwater by y,, and the permeability coefficients
of the linings and the surrounding rocks respectively by k; and k. The seepage rate of the linings
() and that of the surrounding rocks (V;) can be evaluated as follows:

V=24 0t Ry <R, <R,
le 4)
Pulisd (

Vo= -2 at Ry <R < Rp

At the interface between the host rocks and the linings, it is assumed that the water seepage

operates at consistent rate. Indeed, The union of equations (3) and (4) yields:
Phklln( 0)

PW = klln( )+ksln(R1) at RO < R < Rl

Ppkln ( 1)

kPW katn(ZE)+ksin(R2)

®)

atR{ <R, <Rp

4. Stress and Displacement Examination

It is of utmost importance to examine the stresses and displacements of the host rocks
confronting the actions of water seepage. Around deep-buried tunnels, the stress field is impacted
not only by excavation disturbance, but also by seepage actions. For stability reasons, suitable
examination in terms of elasto-plastic behavior is really needed. In this sense, as displayed in Figure
5, the adopted mechanical model traduces the interaction existing between the host rocks and the
supports.
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Figure 5. Mechanical model of the tunnel for elasto-plastic examination.

The host rocks and the linings will interact continually during the life cycle of the tunnel, as
illustrated in Figure 5. Since the states of stresses and strains are pivotal in the study the stability of
tunnels, they have to be adequately examined. To this end, it is assumed that a pressure q is exerted
by the surrounding rocks. In the other hand, a pressure p is thus exerted by the support structures,
in terms of reaction. Affected by diverse continuous actions such as seepage pressure, support
reaction, and their own pressures, the surrounding rocks of the tunnel will deform plastically with
the passage of time.

4.1. Examination of Stress in the Plastic Zone

As displayed in the adopted mechanical model, a plastic zone exists along the surrounding rocks
of the Weilai Tunnel. The support structures have the ability of reducing the pressure of water
seepage around the tunnel. To better take into account such a reduction, a coefficient (v) is
introduced. Thereby, referring to Zou and Li [33] and Li et al. [34], and considering the reduction of
the water seepage pressure, the equation traducing the stress equilibrium in the plastic zone can be

written as below:

P,

dog; =
29R; M+Vd_;:0(6)
L

dR; R; d
It is worth noting that the plastic conditions are generated by the combined actions of rock-
supports, water seepage pressure and surrounding rock pressure. Under such conditions, the Mogi-
Coulomb strength criterion can be employed [35]. The rock mass is defined by its internal friction
angle ¢ and its cohesion c. Moreover, the effective radial stress (g}) and the circumferential stress
(oF) are linked as follows:
oy = Adf +B (7)
The parameters A and B are defined as below:
_ 2y/2(b%-b+1)+3k
2(b2-b+1)-3k (8)

oen

T J2(b2-b+1)-3k
Here n and k are parameters related to Mogi-Coulomb strength criterion [35], and are defined

as follows:
A= 2\/%360540
)
B = 2v2c sing

3
The parameter b traduces a coefficient of the principal stress and is defined as follows:

b — 02—03 — 0z—0r (10)

01—03 gg—O0r
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Referring to Li et al. [34] and taking v = 1, and by replacing equations (5) and (7) into the
equation (6), the obtained first-order nonlinear differential equation is solved where two parameters
A, and A, are defined as follows:

_ AxB—kiPp
=
(1-4)4A;
(11)
R R
4, = kin (R—l) +kn (é)

Accordingly, the plastic stresses exerted on the surrounding rocks can be written as follows:
R; A-1
af = (p—4A) (R_1) + A
R; A-1
ag=A(p—A1)(R—1) +A,A+B

Here p stands for the reaction force of the lining to the host rocks.

(12)

4.2. Examination of Stress in the Elastic Zone

In deep underground engineering, it is widely assumed that the elastic zone can be characterized
by a tick-walled cylinder. Consequently, the total elastic radial stress (o), and the total elastic
circumferential stress (o5) exerted by the host rocks can be computed using Kirsch equations [36,37]

as follows below:
2

R R2 4RZ 3R}
of = (é)oep + (—%) [(1 +/1)( —R—}’) +@ —/1)(1 _R_;+R_{F)COSZG]

2 2 4
o == () o+ (~5) |00 (143 + 0= (14 ) osto

Here the radial stress of the rocks near the elastic-plastic boundary is designed by o,,; the

(13)

coefficient of lateral pressure is denoted by 4; the existing angle between the tunnel center line, the
vertical direction and the calculated point is represented by 6.

Due to the water pressure and considering that such pressure is uniformly distributed in all
directions (A = 1), the total elastic radial stress (c;), and the total circumferential stress (og) generated
by the surrounding rocks can be converted to the following equations:

of = (2—5) Oep — Py (1 —};—g’) + VP,
2 | (14)
Rp

RZ
o = _(E>G‘?P —P0(1+R—’_2’) + VP,

13

5. Examining the Plastic Radius and the Displacement of the Host Rocks

One key factor for opining on the stability of a deeply-buried tunnel is the plastic radius. To do
s0, it should be reasonably assessed under seepage conditions. The plastic zone must be secured
adequately by the support structures in order to guarantee the long-term stability of the tunnel. The
extent of the plastic radius is schematically illustrated in Figure 4. It should be reminded that the
stresses are continue, and at the elastic-plastic interface, the total plastic stress is equal to the total
elastic stress. Hence, the following can written as below:

of + 0y =0of + 0§ (15)

Moreover, at the aforesaid interface, R; = Rp. By simply solving the equation (5.17), it can be

found the following:

[~ A4 + A - 4D (22) = 2(Py) ~ 4,1 + 4) = B (16)

Thereby, the radius of the plastic zone is given as below:
2Py—A1(A+1)-B

1
_ yy
Rp =Ry ( [p—-A1](A+1) ) (17)
As shown in equation (17) that the radius of the plastic zone rely on several factors. Mainly, it is

affected by the reaction force of the tunnel support and the pressure of water seepage.

Around deep-buried tunnels, displacements are inevitable and are categorized into elastic and
plastic zones, due to the elastic and plastic zones of the surrounding rocks. The plastic radius
provides the scope of plastic deformation around the tunnel. In the elastic zone, the displacements
can be estimated by means of elastic theory where the strain can be obtained as below:
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_1-p? u
& =73 (GT_EGH)

_1-u? U
&g = z (O'g — —1_# Oy

Here &, and &y represent respectively radial and tangential strain; E stands for the rock elastic
modulus, p represents Poisson’s coefficient.

Geometric formula can link strain and displacement as follows:

u
£y =

g =2
_au (19)
T ar
Hence, in the elastic zone, at R; < R; < Ry, the displacement (1) of host rocks can be evaluated

(18)

as follows:
1-p? u
U = TRi (AO’g - EAGRi) (20)
Here u stands for the Poisson’s ratio of the rock mass; E represents the rock elastic modulus.

Likewise, in the elastic zone, at R, < R; < R, the host rock displacement (u,) is computed as
follows:

_ 1-u2R% "
up = TLPRL (AO’@ — EAO’Ri) (21)

6. Consideration on the Coupled Effect of Softening and Seepage

As already mentioned, the rocks that surround the tunnel is soft and broken. The softening is
amplified by the excavation effects such the inevitable complex load-unload [38], as well as by the
water seepage. Consequently, it is more than important to take into consideration the coupling effects
of softening and seepage. To this end, it should be reminded that elastic and plastic zones are formed
around the tunnel after rock excavation, as already stated. Under the circumstances of softening and
seepage, the plastic zone can be appropriately decomposed. Indeed, since rocks typically loss their
strength in deep underground engineering [39-43], the plastic residual zone and plastic softening
zone are the two main components of the plastic zone. Representing by R,, and R,s respectively
the radius of the plastic residual zone and that of the softening zone, the adopted mechanical model
is schematically illustrated in Figure 6.

Plastic residual zone Supports
Plastic softening zone

Elastic zone

Figure 6. Illustration of plastic residual zone and plastic softening zone around the surrounding rocks
of deep tunnels.
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As presented through Figure 6, the surrounding rocks affected by high stress and water seepage
conditions are divided into three zones namely plastic residual zone, plastic softening zone and
elastic zone. Concretely, the elastic zone is formed rapidly in stressed host rocks. Nonetheless, the
plastic softening zone describes the conditions of the surrounding rocks in which the stress overtakes
the maximum strength of the rock massif. Concerning the plastic residual zone, it is inevitably created
because of the progressive deformation of the plastic softening zone. It is worth mentioning that the
scope of the plastic deformation along the tunnel surrounding rocks is reflected by the plastic radius.

Rock mechanical properties are affected by softening. However, the rock mechanical properties
mostly affected by softening are the internal friction angle and the cohesion. To show how these
properties are affected by softening, the strain-softening model is introduced as displayed in Figure
7 where Co stands for the maximum cohesion, C: is the residual cohesion, sgp denotes critical
tangential strain at the boundary of elastic zone and plastic softening zone, €}” represents the critical
tangential strain at the plastic residual zone/plastic softening zone boundary.
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Figure 7. Tunnel surrounding rocks and its strain-softening model.

According to the model presented in Figure 7, and by taking into consideration a relevant linear
decreasing functions C() and ¢(n) for the cohesion and internal friction angle respectively, one
can be write [42]:

Cyyn <0

)0 <<’ (22)
C.nznP
Pon =0
o) = {90+ (E=2)n,0 <5 <n” (23)
@ 2 1P
Here n stands for the softening parameter; while n? the parameter reflecting the plastic
softening. In this sense, the elastic stage of the tunnel host rocks is reflected at 7 = 0.
It is considered that the groundwater flow is incompressible and the seepage field is stable. The
pore water pressure (P,,) which depends on the water gravity ();,), and the coefficient of non-uniform
permeability () can be expressed as follows:

cn) = C0+(

Py(R;) = hyy oy
Fex
p=:= (24)
y
Where k, and k, represents permeability coefficient in horizontal and vertical directions

respectively.
In the plastic residual zone and the softening zone, the continuity equation is put forward to
calculate the plane seepage field as below:
av,
Tep2=0 (25
Here V, and V, are respectively seepage flow velocity in horizontal and vertical directions of
the tunnel. Stable seepage flow obeys Darcy’s law, and the seepage velocity can be given as below:
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= —k, Z_Z
o)
v ="ky 3y
Thereby, the aforesaid velocities can be written as follows:
V — aP w (Ri)
x = X

Vy=—ky ="
The angle (a) is taken into account. It is an angle located between the radius R; and the
horizontal axis with coordinate defined as:
&=
On the basis of equation (25), the seepage equations can be written as:
?Pw(R) | 1 Pw(R) _
dR; £R; dR; =0(29)
Then, by solving the equation (29), and taking into account that:
PW(RL') =0at Ri = RO
{PW(Rl) = Ph at Ri =R (30)
If isotropic states (f = 1) are put forward, the pore water pressure can be found as follows:

ln(l%’;)

6PW (Ry) (27)
v

Bcos?a+sina (28)
Bsin?a+cos?a

P,(R) =P (Ro =R; <R)(31)

R TTRY
Likewise, in the case of non-isotropic states (f # 1), the pore water pressure can be written as:
() (5
By(R) = Py [tz | Ro <R <R) (32)

(),

6.1. Stress and Plastic Radius in the Plastic Residual Zone

In the plastic residual zone, the coefficient of seepage water pressure (@) is taking into account,

and the stress balance can be written as below:
do R; g R; —0g
—* =0 (33)
dR; R;
In general, a = 1 for the safety and stability of surroundmg rocks. At the interface of the plastic
residual zone and plastic softening zone, it should be reminded that R; = R,,. Moreover, it is

assumed that such an interface is subjected to a maximum principal stress o **.

+a Py (Rl)

The plastic
tangential residual stress can be written as follows:

Ry A1
of = AP, — Ay) (RL) +A,A+ B (34)
0
Here P, stands for the residual reaction force of the lining to the host rocks.
Also, at the interface between the plastic residual zone and the plastic softening zone, the radial

stress is gy,, and it is similar to the tangential stress. The radius of the plastic residual zone can be

written as follows:
1

_ opr—A1A -B \(41-1)
Rpr =R, ( A(P,—A1) ) (35)

6.2. Stress and Plastic Radius in the Plastic Softening Zone

Similar to the plastic residual zone, the stress in plastic softening zone conforms to the Equation
(33). The maximum tangential stress of the plastic softening zone (g}°) can be written as below:

A-1
P _ 4 (of, — Ay) (RR—) +AA+B (36)
pr

In the limit of the plastic softening zone where R; = Ry, the tangential stress is equal to the

ps
plastic stress g,,. Hence, the plastic softening zone radius can be written as follows:

1
_ op—A1A -B \(A1-1)
RPS - RPT (A(J}%T_Al)) (37)
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6.3. Stress in the Elastic Zone

As already illustrated, a virgin in-situ stress P, is applied to the elastic zone. At the boundary
between the elastic zone and the plastic softening zone, the radial stress is represented by o,". The
stress in the elastic zone can be computed as:

R} R}
of = —(—’Z’)Gfp + P, (1 +—’2’) + aP,
R? R?

E Rp\ _ep Rp
og = 2 o +P(1-73)+ak,

13

(38)

7. Parametric Study and Discussions

The main factors of the analytical solutions are appropriately examined. An adequate parametric
study is conducted to show the relevance of the presented analytical approaches. In fact, for proper
engineering practice, parametric study is of great importance. It provides the ability to evaluate
diverse key parameters that have a strong influence on the trend and interpretation of analytical or
closed solutions. Moreover, it also allows us to better understand the established theoretical and
analytical models. Thereby, parametric studies constitute solid keys for appropriate and in-depth
discussions on the analytical solutions proposed in engineering fields. Hence, it is more than
important to carry out parametric investigations on the proposed analytical models. Such parametric
investigations are associated by pertinent calculations. The flowchart of the computations is shown
in Figure 8. The calculation results are presented in Figures 9-16.

Start

L

Input relevant geometrical and
mechanical parameters

¥

Compute the seepage pressure
by Equations (5)

¥

Calculate the stresses in the plastic and elastic
zones by Equations (12) and (14) respectively

g

Calculate the plastic radius using Equations (17) and the
displacement in the elastic zone by Equations (20) and (21)

U

Compute the pore water pressure
by Equations (31) and (32)

U

Evaluate the stress and plastic radius in the plastic
residual zone by Equations (34) and (35) respectively

U

Evaluate the stress and plastic radius in the plastic
softening zone by Equations (36) and (37) respectively

U

Compute the stress in the elastic zone
by Equations (38)

i

Output results

Figure 8. Calculation flowchart.
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7.1. Variation of Plastic Radius with Support Pressure

Figure 9 illustrates the relationship between the plastic radius and the support resistance (p)
when the principal stress coefficient is not accounted. It is shown that the plastic radius undergoes
progressive reduction by the augmentation of support resistance. This conforms well to the actual
situation. In fact, the safety and stability of the surrounding rocks greatly rely on the resistance of the
tunnel support structure. For instance, as it can interpreted in Figure 9, when the resistance of the
support structure is 9 MPa, the extent of the plastic radius can reach 4 m. However, when the support
resistance is 15 MPa, the scope of the plastic radius is less than 2 m; while when the support resistance
is 18 MPa, the extent of the plastic radius is very low, under solely the action of seepage. Nonetheless,
the coupled action of seepage and softening can somewhat change the tendency. Indeed, under such
conditions, when the support has a resistance of 9 MPa, the plastic radius is significant. Significant
plastic radius (2 m) is still observed even when the support has a resistance of 15 MPa. This illustrates
the great important of coupled effects of seepage and softening in deformation of the tunnel. Thus,
the support scheme resistance of the tunnel has to be great enough in order to effectively deal with
the coupling actions of seepage and softening.

=
o

Plastic radius: RP (m)
o - N w H %] [«)] ~ (4] (o]
L

3 6 9 12 15 18
Support pressure p (MPa)

—@— RP with seepage = —@=—RP with seepage and softening coupling

Figure 9. Variation of plastic radius (Rp) with the support resistance (p) when the principal stress
coefficient is not accounted.

7.2. Variation of Plastic Radius with Principal Stress Coefficient

The relationship between the radius of the plastic zone and the principal stress coefficient b is
presented in Figure 10. In fact, with the increase in the principal stress coefficient b, remarkable
decrease of the plastic zone radius is observed. For b = 0.15, the radius of the plastic softening zone is
found to be approximately 8 m; while it is 3 m when b = 0.55. When b = 0.85, the radius of the plastic
softening zone is less than 2 m. Indeed, given the definition of the principal stress coefficient, it is
necessary to control the difference ratios of the relative stresses in order to limit the extent of the
radius of the plastic zone. It is worth noting the plastic zone radius which traduces the extent of the
deformation around the surrounding rocks, varies with several factors. Reducing such extent is of
particular consideration regarding the tunnel stability. To this end, effective countermeasures must
be adopted. In deep underground engineering, the most suitable principal stress coefficient is
important for the reduction of the plastic zone radius. It should be highlighted better control of the
plastic zone radius necessitates sufficient reduction of plastic zone radius. The lower the plastic
radius, the lower the deformation of the tunnel, and therefore the longer the operation of the tunnel
can be maintained with safety and stability.
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Plastic radius (m)

O = N W b U1 OO N 0O O
T

0 0.15 0.25 0.4 0.55 0.7 0.85

Principal stress coefficient b

~—@— Radius of plastic residual zone —-@=Radius of plastic softening zone

Figure 10. Principal stress coefficient b and plastic zone radius.

7.3. Variation of Pore Water Pressure in the Surrounding Rocks

The host rocks of the tunnel is naturally anisotropic. Aiming at taking into consideration this
feature, three different values of the permeability coefficient (8) are considered, as it is shown in
Figures 11-13. It can be interpreted that, in the directions of 0°, 30°, and 90°, the tendencies in pore
water pressure change are nearly same. Specifically, in all directions, there is gradual increase in pore
water pressure as the permeability coefficient increases. However, the evolution rate in the direction
of 90° is slightly quicker as shown in Figure 13. Indeed, Figure 13 illustrates the development of pore
water pressure at a direction of 90°. Such a direction traduces the vertical direction in which, when
the permeability coefficient is augmented, the pore pressure may be developed faster than that in the
horizontal direction. Globally, in the vertical and horizontal directions, the seepage behavior is not
isotropic when the permeability coefficient is changed. Owing to the existence of broken soft rocks in
the environment of the tunnel, the permeability coefficient cannot be constant. It can be said that, in
the aforesaid directions, the seepage is mainly anisotropic. Its effects are notable and thus cannot be
overlooked regarding the stability of the tunnel. Water seepage effects are very pronounced at great
depth. In any direction, water seepage has influences on the stability of the tunnel. To effectively
withstand water seepage actions, reasonable support structure is required.

It is also observed that the ratios of different radii increase as the water pressure increases.
During the rainy periods which in Guangxi, water pressure can be increased easily, and can enhance
the tunnel plastic zone radii. In such circumstances, the bond between the host rocks and the support
system can be deteriorated considerably. This can be more marked in the plastic residual zone and
plastic softening zone where the increase in plastic radius is rapid. In fact, in such zones, the rocks
are less resistant than those in the elastic zones. Real-time inspection is strongly recommended for
such tunnel in order to better control any increase of its plastic radius. Therefore, effective remedial
measures in right time can be ensured.
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Pore water pressure (MPa)
(5}

0 1 1 L L
0 03 0.6 0.9 1.2 15

Ri/R atdirection 0 degree

—8—p=1.2 —8— =07 —8—p=0.2

Figure 11. Relationship between the pore water pressure and the ratio of plastic radii at different
values of the permeability, considering a direction of 0°.

Pore water pressure (MPa)

0 1 L L 1
0 0.3 0.6 0.9 1.2 1.5

Ri/R at direction 30 degrees

——p=1.2 —8—p=0.7 —8—p=0.2

Figure 12. Relationship between the pore water pressure and the ratio of plastic radii at different
values of the permeability, considering a direction of 30°.
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Pore water pressure (MPa)
(%]

0 1 1 1 1
0 0.3 0.6 0.9 1.2 15

Ri/R atdirection 90 degrees

——p=1.2 —8—p=0.7 —8—B=0.2

Figure 13. Relationship between the pore water pressure and the ratio of plastic radii at different
values of the permeability, considering a direction of 90°.

7.4. Variation of Tangential Stress in Surrounding Rocks

Thorough the tunnel, the tangential stresses exist. It is important to study their dissemination
along the host rocks of the Weilai Tunnel, as illustrated in Figure 14. In fact, with regard to the plastic
radius, and considering different values of support pressure, under the coupled actions of seepage
and softening, the dissemination of the tangential stress is revealed in Figure 14. On the one hand, in
the vicinity of tunnel face, the tangential stress increases rapidly as the support pressure increases.
After reaching its maximum values, the tangential stress decreases progressively. This is explained
by the fact that, along the host rocks of the tunnel, the support pressures exert great effect on the
distribution of tangential stress. In fact, the latter can be reduced more easily with the highest support
pressures. For instance, a support pressure of 18 MPa can be better suited in decreasing the tangential
stress along the host rocks of the tunnel. This is another key reason showing that deep-buried tunnels
which are constructed in complex soft rocky environments require strong support structure. The
supports must be able to generate and maintain reasonable values of the tangential stress around the
tunnel for as long as possible since the longevity of the supports is of particular consideration. In fact,
it should be noted that the longevity of deep-buried tunnel support structures can be diminished not
only by water seepage, but also another relevant factors such as rock creep [44].
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Figure 14. Relationship between the tangential stress of the host rocks and the support reaction (p)
under coupled actions of softening and seepage.

It is also very important to compare the dissemination of tangential stress in two pertinent
situations. Figure 15a,b gives such a comparison where coupled actions of seepage and softening and
with seepage actions solely are taken into consideration. In coupling actions of seepage and softening,
it can be seen that there is remarkable decrease of tangential stress. Undoubtedly, this can be
understood since the disintegration of rocks is more marked when the coupled actions of seepage
and softening is considered.

In fact, the strength of the host rocks is further impaired in such situations. In other words, by
the coupling effect of seepage and softening, the tangential stress of the surrounding rocks is reduced
when the seepage filed is taken into consideration at the tunnel face. That is, at the tunnel face, the
tangential stress under such a coupling effect is less than that with seepage only. But as one moves
away from the tunnel face, the tangential stress is somewhat greater under the combined of seepage
and softening than under the effect of seepage solely. This is really conform to the actual situation
where the tangential stress of the surrounding rocks is higher under the aforesaid coupling effect.
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Figure 15. (a). Dissemination of tangential stress around the tunnel surrounding rocks when the
support pressure is 9 MPa (principal stress coefficient not accounted). (b). Dissemination of tangential
stress around the tunnel surrounding rocks when the support pressure is 15 MPa (principal stress
coefficient not accounted).

Figure 16a,b presents the variation of tangential stress in the tunnel host rocks with regard to the
principal stress coefficient under a support pressure of 9 MPa and 15 MPa respectively. The tangential
stress increases rapidly when the principal stress coefficient (b) increases. After reaching its
maximum value, the tangential stress reduces gradually along the tunnel surrounding rocks. This
can be understood that the tangential stress is strongly influenced by the principal stress coefficient.

Note that, around the host rocks, the tangential stress evolves following mainly two stages,
under the influence of the principal stress coefficient. In the first stage, it increases quickly as the
principal stress coefficient b increases. Then, in the second stage, it becomes stable when the
tangential stress attains its maximum value. However, its tendency varies with the value of the
principal stress coefficient b. Also, the principal stress coefficient plays a major role in the distribution
of the tangential stress along the surrounding rocks. Appropriate value of the principal stress
coefficient should therefore be taken into consideration in order to get adequate distribution of the
tangential stress around the tunnel surrounding rocks.
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Figure 16. (a). Dissemination of tangential stress around the tunnel surrounding rocks when the
support pressure is 9 MPa, for different values of principal stress coefficient. (b) Dissemination of
tangential stress around the tunnel surrounding rocks when the support pressure is 15 MPa, for
different values of principal stress coefficient.

7.5. Implications

It is important to highlight that seepage actions are inevitable in deep-buried tunnels constructed
in complex soft rock strata. Indeed, over time, the support components of these tunnels will
experience reduced rigidity [45,46]. The most pronounced is that seepage can be coupled with
stresses [47], and can thus provoke more adverse effects on the stability of deep soft rock tunnels.
Likewise, the combined effects of seepage and material softening are very detrimental to the tunnel
safety and stability. Suitable countermeasures should be adopted to ensure the long-term safety and
stability of deep soft rock tunnels facing seepage problems. On the one hand, the support structure
must be of highest strength possible to properly perform its function in seepage conditions. For
instance, typical primary support such as rock bolts and cable bolts are generally prone to
degradation due to water seepage-induced corrosion. In such situations, its performance will be
easily diminished. If adequate measures are not taken in right time, the primary support will be
heavily corroded and the secondary support will become the main support structure of the tunnel,
which is very unfavorable. On the other hand, cracks can extend into the secondary support when
exposed to seepage. Note that the secondary support material for deeply buried tunnels is generally
concrete or reinforced concrete [48], which can also be degraded by the action of water seepage [49].
It should remembered that water seepage is the cause of many structural problems in deep rock
engineering [50,51], and is certain to appear over time even when the most appropriate grouting
techniques are applied to the host rocks [20]. Hence, at any time, the need to guarantee the safety and
stability of deeply buried tunnels is of huge consideration. All structural components of such tunnels
should be monitored using appropriate remote sensors [52]. In fact, structural health monitoring
based on automation and smart techniques is becoming indispensable for accurate prediction of
tunnel safety and stability [53-57]. In addition, the monitoring system must be sufficient to provide
all the required information regarding the health status of the tunnel. Thereby, relevant decisions in
real time can be adopted to continuously guarantee safe operation of deeply buried tunnels. In fact,
insufficient monitoring should be avoided because it generally results in unfavorable conditions for
the safety of deep soft rock tunnels [58]. In the case of the Weilai Tunnel which suffers from water
seepage problems, comprehensive long-term monitoring carried out by reliable remote sensing
techniques is strongly recommended.
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8. Conclusions

The stability of deeply buried tunnels constructed in complex soft rocky media is greatly affected
by water seepage actions. In this research study, water seepage actions and their consequences are
analytically discussed based mainly on Mogi-Coulomb strength criterion and elasto-plastic
approaches. The main conclusions are as follows:

1. To effectively withstand the inevitable severe consequences caused by seepage actions, the
support scheme of deep-buried tunnels particularly constructed in soft rock environments must
be of highest resistance possible. It is thus necessary to design such supports according to the
complexity related to the concerned rocky environments which confront the seepage actions.

2. Plastic softening zone and plastic residual zone are two constituents of the plastic zone of deeply
buried tunnels. Their radius decreases by increasing the resistance of the support structure,
under seepage conditions and under combined effects of seepage and softening.

3. The combined effects of water seepage and material softening are very dangerous for the tunnel
safety and stability. Such effects have the consequences of significantly increasing the plastic
radii of deep soft rock tunnels. It is revealed that the more strongly the tunnel is supported, the
more its plastic radii and therefore its deformations are reduced.

4. Interms of scope, the plastic zone radii of deep soft rock tunnels is considerably affected by the
principal stress coefficient. In fact, the highest values of principal stress coefficient are favorable
to small plastic radii. Accordingly, appropriate values of such coefficient must be adopted to
ensure reasonable dissemination of tangential stress along the tunnel which must be durably
safe and stable.

5. Throughout the surrounding rocks of deeply buried tunnels, the dissemination of pore water
pressure is strongly affected by the uneven permeability coefficient under anisotropic seepage
states. This conforms well to the actual situation where the host rocks are broken and therefore
the seepage field is mainly anisotropic. Thereby, seepage actions cannot be ignored since they
can affect the stability of deep soft rock tunnels in any direction.

6. Owing to the inevitable severe consequences of seepage actions, deep-buried tunnels
constructed in complex soft rocky media must be adequately monitored at all times even if their
support schemes are sufficiently resistant. In fact, proper long-term monitoring can effectively
guarantee the safety and stability of such structures at all times. In this sense, reliable remote
sensors are promising.
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