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Pore water pressure has an important influence on the stresses and deformation of the surrounding rock of deep tunnels in water-
rich areas. In this study, a mechanical model for deep tunnels subjected to a nonuniform stress field in water-rich areas is developed.
Considering the pore water pressure, a new unified solution for the stresses, postpeak zone radii, and surface displacement is
derived based on a strain-softening model and the Mogi-Coulomb criterion. Through a case study, the effects of pore water
pressure, intermediate principal stress, and residual cohesion on the stress distribution, postpeak zone radii, and surface
displacement are also discussed. Results show that the tangential stresses are always larger than the radial stress. The radial
stress presents a gradually increasing trend, while the tangential stress presents a trend of first increasing and then decreasing,
and the maximum tangential stress appears at the interface between the elastic and plastic zones. As the pore water pressure
increases, the postpeak zone radii and surface displacement increase. Because of the neglect of the intermediate principal stress
in the Mohr-Coulomb criterion, the postpeak zone radii, surface displacement, and maximum tangential stress solved by the
Mohr-Coulomb criterion are all larger than those solved by the Mogi-Coulomb criterion. Tunnels surrounded by rock masses
with a higher residual cohesion experience lower postpeak zone radii and surface displacement. Data presented in this study
provide an important theoretical basis for supporting the tunnels in water-rich areas.

1. Introduction However, the intermediate principal stress is not considered
in these criteria, which caused an inaccurate result. In fact,

Tunnels are one of the most basic facilities in water conser-  the surrounding rock of the tunnel is always in a true triaxial

vancy engineering, civil engineering, and mining engineering
[1-3]. The stress distribution of the rock mass changes with
the excavation of the tunnel, and the surrounding rock of
the tunnel will be deformed if the redistributed stress exceeds
the peak strength of the rock mass. Therefore, accurate calcu-
lation for the stress of the surrounding rock plays an impor-
tant role in stability evaluation and support design of the
tunnel [4-6].

In the past decades, a series of unified solutions based on
different strength criteria have been proposed. Some com-
mon strength criteria, such as the Mohr-Coulomb criterion
[7-10] and the Hoek-Brown criterion [11-14], were widely
used to calculate the stress in the tunnel surrounding rock.

stress environment [15, 16], and the intermediate principal
stress has a nonnegligible influence on the strength of the
rock mass. Therefore, it is of great significance that the inter-
mediate principal stress be taken into consideration in the
unified solution for deep tunnels.

Because of the underground faults, folds, and other spe-
cial structures, the ratio of the vertical stress to horizontal
stress is usually not equal to one. In this case, Galin [17] first
analyzed the tunnel in a nonuniform stress field and deduced
the radius of the plastic zone. However, Galin’s solution only
applies to frictionless rock mass. Detournay [18-20]
extended Galin’s result to other materials and obtained the
boundary of the elastic and plastic zones. Tokar [21],
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Leitman and Villaggio [22], and Ochensberger et al. [23] also
presented a series of analytical solutions for a circular well-
bore in some certain cases based on Galin’s solution.

It is known that the flowing water always exists in the
underground rock mass, which has a certain impact on the
stress distribution and deformation of the surrounding rock
of the tunnel. Therefore, the influence of the pore water pres-
sure should be considered in the elastic-plastic analysis for
deep tunnels in water-rich areas [24-26]. In the present
study, a mechanical model for deep tunnels subjected to a
nonuniform stress field in water-rich areas is first established.
Considering the pore water pressure, a new unified solution
for the stresses, postpeak zone radii, and surface displace-
ment is derived based on strain-softening model and Mogi-
Coulomb criterion. Through a case study, the sensitivity of
pore water pressure, intermediate principal stress, and resid-
ual cohesion on the stress distribution, postpeak zone radii,
and surface displacement is analyzed.

2. Definition of the Problem

2.1. Mechanical Model of a Circular Tunnel. A circular tunnel
of radius R, was excavated in an infinite rock mass (Figure 1).
The vertical and horizontal stresses are o, and Ao, respec-
tively, where A is the lateral stress coefficient. A support pres-
sure (P;) is uniformly distributed along the excavation
surface. The surrounding rock of the tunnel is subdivided
into an elastic zone (“e”), plastic zone (“p”), and damage zone
(“d”). The radii of the elastic, plastic, and damage zones are
denoted by R,, R,, and Ry, respectively.

We assume that there is a pore water pressure (P;) out-
side the elastic zone of the tunnel. Based on Darcy’s law,
the continuous differential equation of seepage is

d’p,

L L1dPy
dr? r dr

=0, (1)

where P, is the pore water pressure at any point of the tunnel
surrounding rocks.

Combined with the boundary condition of P,, =0 at r =
R, and P, =P, at r=R,, the pore water pressure can be
derived by solving Equation (1):

In (Ry/r)

P,=Py—— .
“" " %n (Ry/R,)

(2)

2.2. Strain-Softening Model. As shown in Figure 2, the exper-
imental stress-strain curve of the rock mass can be simplified
into a three-section line. The three straight lines correspond
to the elastic zone, plastic zone, and damage zone,
respectively.

3. Analytical Solution

3.1. Basic Equations. The Mogi-Coulomb criterion can be
expressed as [27-29]

0g;=Mo,; + N, (3)
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FIGURE 1: Mechanical model of tunnels subjected to a nonuniform
stress field in water-rich area.
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FIGURE 2: Total stress-strain curve of rock mass.

where 0y; and o,; are the tangential and radial stresses in the
“i” region, respectively; M = (/3 + 2 sin ¢)/(v/3 — 2 sin ¢); ¢
is the internal friction angle; N; = 4c; cos ¢/(y/3 — 2 sin @);
and c; represents the cohesion in different zones. The symbol
“” can be replaced by “e,” “p,” and “d.”

Taking the pore water pressure into consideration, the
equilibrium differential equation in the “/” zone can be
given as
dari 0,i — Op; dpw
dr " r B dr 0 4)

where # is the pore water pressure coeflicient.
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F1GURE 3: Mechanical model of surrounding rock in water-rich coal tunnel.

The geometric equation can be written as

e, =
ri dr’
5
(5)
€i= >

«

where ¢,; and ¢y, are the radial and tangential strains in the “i
zone, respectively, and u; represents the displacement in the

i” zone.
The constitutive equations can be denoted as

where y and E are Poisson’s ratio and Young’s modulus of
the rock mass, respectively.

In addition, the volume of the rock mass is always chang-
ing in the postpeak failure zone; the plastic-strain relation-
ships can be developed based on the nonassociated flow
rule as follows:

(7)

where 8. = (1 +sin y,)/(1 — sin y,); y, is the dilation angle in

the “i” zone.

&+ Piggi =0,

3.2. Elastic Zone. The stress state of the circular tunnel in a
nonuniform stress field can be decomposed into two parts
(see Figure 3). In state I, the tunnel is subjected to a uniform
pressure (0.5(1 + A)o,), pore water pressure (P,,), and sup-
port pressure (P;); the differential equation can be obtained
by substituting Equations (2), (5), and (6) into Equation (3):

2
d uel
dr?

_Fv

ldu,, u,
T tE’

rdr 2 (8)

72

where F=nPy/In (Ry/R,) and v= (1 + u)(1 - 2u)/(1 — p).



Solving Equation (8), the displacement and strains in
state I can be easily obtained as

C Fyrinr
u31=C1r+72+ T
C Fv
8re1:C1_r_22+E(lnr+l)’ 9)
C Fvinr
56e1:C1+r—22+ E

where C, and C, are integral constants.
The radial and tangential stresses can be derived by inte-
grating Equations (6) and (9):

EC, EC, nFlnr nF
Ope1 = - 2 + + -,
(It (1-2p) (L+p)r* 2(1-u) 2
- EC, . EC, . nFlnr . unF .
S (p-2) (Lt 2(1-p) 2(1-p)

(10)

Considering the boundary condition ¢, =0.5(1+ A)g,
+Pyatr=Ryand o, =0y at r= R, the integral constants
can be solved as follows:

C = Q E(l +A)o, +Po]

R> v(1—p)1 o
+R2£R2 (E )[E(1+/\)00+P0—0r1’}
e T 5

nFv Rp2 ln& _nFv(l—u) kv

InR,,
2E 2E

1 R’R} 1
TH ST [E(l +A)oy + Py — aﬁp]

R2R?* R
nE(L+u) KRRy In-2. (11)

"I wRI R R,

The stresses in state I can be determined by substituting
Equation (11) into Equation (10):

1 F R? [R?
0,21:—(1+A)00+P0+7n lni+7zp (= -1,
2 2(1-p) R, RP-RZ\71

1 , F ]

—(1+MNog+Py -0 + L 4

2 2(1-u)  RJ
1 F In (r/R,) +2u—1 R’ (R}

0961:—(1+/\)00+P0+’7— n(rR)+2u-1_ R — 41},

2 2 1-p R -RZ\ 1

1 F R,

S(14+ Mo+ Py -0+ T _n P

2 2(1_1‘") Re_
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In state II, the surrounding rock is subjected to a hor-
izontal tension (0.5(1-A)o,) and a vertical pressure
(0.5(1 -A)g,). At r=R,, the boundary condition can be
written as follows:

0,=-0.5(1-21)0,,
0,=0.5(1-21)0,, (13)

T = 0.

Though coordinate transformation, Equation (13) can
be re written as follows:

o,=-0.5(1-A)o, cos 20
{ r ( )O (14)

7,9 =0.5(1 - A)o, sin 20

At r=R,,0,=1,=0. Therefore, using semi-inverse
method, the stresses in state II can be deduced as follows:

Orep =~

N =

sz Rp4
(1-X)o, <1 - 47 + 37> cos 20,
(15)
1 R,
0962 = E (1 - A)O-O 1 + 3? COS 26.

Therefore, the stresses in the elastic zone considering
pore water pressure can be obtained by superimposing
Equations (12) and (15):

1
o :E(1+A)GO+PO+

re 2(1 _ ) Re sz Rez r2
1 F R
e L I il o
2 21— u) R,

1 R, R
—E(l—)t)oo 1—4r—2+3ﬁ c0s20,

1 nFIn(r/R,)+2p—1 R‘,,2 R}
09@75(1+/\)(70+P0+7 - szfRez r_2+1
1 F R
: [— (1+A)oy+Py—oy P + ﬂiln—”]
2 2(1 7”) Re
1 R,
+ 5(1 —A)og | 1+3— |cos26. (16)
r

At the interface between the elastic and plastic zones,
the radial and tangential stresses should satisfy Equation
(3). Thus, 077 can be derived by substituting Equation
(16) into Equation (3):
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e _ {=2R2[(172)(1 + N)ag + Po] + nF/2(1 - ) [(R,> = R*) (In (R,/R,) +2u—1) = (R,> + R,?) In (R,/R,)] +2(1 = Mo, cos 20(R,> - R,*) - N,(R,> - R,*) } .

JV

[M(sz B Rez) B sz - Rez}
(17)
The radial and tangential strains in the elastic zone can be
derived by substituting Equation (14) into Equation (6):
C, nFv l+u sz RP4
&,=C — ot E(IHH 1) - W(1 -A)o, 1—4(1—;4)”—2 +37 cos 20,
(18)
C, nFvlnr 1+u R}’ R}
€. =C, + =t gt 3z (I-X)o, 1—4;47 +3r_4 cos 20.

Using Equation (5), the displacement in the elastic zone
can be easily obtained as

C Fvrl 1+
u=Cprv 24 T ‘M(I—A)ao
r 2E 2E

R?> R* (19)
| r-4p—L- +3-L ] cos 26.
r r

3.3. Plastic Zone. In the plastic zone, the total strain of the
surrounding rock consists of two parts: the plastic and the
elastic part. Thus, the following equation can be easily
given as

e e (20)
gg=¢gn, +&5° 7
0=¢€pte "

The displacement differential equation in the plastic
zone can be obtained by integrating Equations (5), (7),
and (20):

du u ~ ~
d—:+ﬁp7p:sfp+ﬁpsge P, (21)

With the boundary condition of u, =u*" at r=R,, the

displacement in the plastic zone can be deduced by solving
Equation (21):

w?—e PR | /R\P (Sre_P +B,eg" " ) r
B S

/3p+1

Using Equation (5), the strains in the plastic zone can
be obtained as

sre_‘D + ﬁPSGe_P

By(e, " — &) <Rp) ot

8 = — >
K B,+1 r B,+1
_ _ 1 _ _
. g —¢,° P (Rp>ﬁp+ N g, P+‘BP866 P
= | — - rP7
B,+1 r B,+1

(23)

Previous studies indicated that the internal friction
angle of the rock does not change significantly in the post-
peak phase, and the rock strength is only related to cohe-
sion. Assuming that the cohesion in the plastic zone
decreases linearly (see Figure 4), the cohesion at any point
in the plastic zone can be expressed as

sre—p + ﬁpsee_P
ﬁp +1

_ eo"? —&, P (R P!
=¢—a|——— [ — +
ﬁp +1 r

(24)

where ¢, is the initial cohesion and « is the softening coef-
ficient of the cohesion.
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FIGURE 4: Softening model of the cohesion.

The equilibrium differential equation in the plastic zone
can be rewritten by substituting Equations (2), (3), and (24)
into Equation (4).

%_F(I—M)ar_ 4 cos ¢
dr r (\/?_,—ZSin (p)
. {co —afgg* P - e,e’l’)/(ﬁp + 1) [(Rp/r)ﬁ!’+1 - 1} }
wE r
r

(25)

Combining the boundary condition of 0, =0,°? at r =
R, the radial stress in the plastic zone can be obtained by
solving Equation (25) as

1-M
o = Ge—p_Ne+’7F &
” r 1-M r

4 cos g/ (\/5 ~2sin <p> alegP - £,°7)

(IJ’P + 1) (ﬁp +M>
e
4 cos ¢/ (\/5 — 2 sin go) a(gg’f -,

(B,+1)(1-m)

1-M
-[1—<&) ]+Ne+’71’.
r 1-M

3.4. Damage Zone. In the damage zone, the total strains of
the surrounding rock are also composed of two parts as:

+

+

—-d
{ & =&q T srp (27)

€9 = &g + gep_d
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where &,7? and e,/~? are the radial and tangential strains at
the interface between the plastic and damage zones,
respectively.

The displacement differential equation in the plastic zone
can be obtained by integrating Equations (5), (7), and (27):

duy Uz —d —d
& ' ﬁdT =gl + Bgg (28)

Considering the boundary condition of u; = u?™ at r =
R, the displacement in the plastic zone can be deduced by
solving Equation (28):

y= ub=4 — ¢ PR, Ry Fa . (74 + Byegh™)r (29)
d B,+1 r B,+1 '

Using Equation (5), the strains in the damage zone can be
achieved as follows:

‘srpid + ﬁdsepid

>

_ Bale/ ™) (%) S
r

£, =
rd B,+1 By+1

— —, 1 —, —,
£ns = 89‘0 d _erp d & Fat + erp d +Bd€9‘p d
0d B;+1 r Bi+1

(30)

The equilibrium differential equation in the damage zone
can be rewritten by substituting Equations (2) and (3) into
Equation (4) as

r

do, (1-M)o,-N,; nF
_— — — :0. 31
dr r r (31)

Combining the boundary condition of o, =P; at r=R,,
the radial stress in the plastic zone can be obtained by solving
Equation (31) as

(. Ng+nF\ (R\'™ N +nF
Ord = pi — o + — ’
1-M r 1-M

N+ 11F) <R0> =M , MN,+nF

1-M )\ r 1-M

Ogq = M<Pi

(32)

3.5. Radius of Postpeak Failure Zone. Because of the continu-
ity of radial stress in the surrounding rock of the tunnel, the
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relationship between R, and R; can be established by com-
bining with (26) and (32).

1-M
<0r‘*"’— Ne+r]F) (&) . N, +nF

1-M ) \R, 1-M
4 cos ¢/ (\/?_) - 2sin q))a(ege’f’ —,°P)

B (,8P+1)1(,BA5+M)
&)@

4cos<p/(\/§—2sin<p)oc(sg‘?’P—sre’P) L R, 1-M
([3P+1)(1—M) [ ( ) }

- N, +4F\ (R, 1‘M+Nd+;7F
BTy R, 1-M

Ry
According to Equation (24), the cohesion at r = R; can be
expressed as follows:

I ) l(&)ﬁf‘ _ 1] e

B, +1 R,

+

+

(33)

Subsequently, the radii R, and R; can be derived by inte-
grating (33) and (34).

4. Case Study

The stress distribution and deformation of the tunnel sur-
rounding rock are of great importance for the stability evalu-
ation and support design of the tunnel. In order to study the
influence of pore water pressure, intermediate principal
stress, and residual cohesion on the stresses and displace-
ment of the tunnel, the mechanical and geometrical parame-
ters of the rock mass are shown in Table 1.

4.1. Effect of Pore Water Pressure

4.1.1. Postpeak Zone Radii and Surface Displacement.
Figure 5 shows the postpeak zone radii and surface displace-
ment around the tunnel under different pore water pressure.
The radii of plastic and damage zones and surface displace-
ment all increase with the increase of pore water pressure.
For example, as P, increases from 3 MPa to 6 MPa, the R,
R, and u; values at the tunnel side increase by 0.85m,
0.83m, and 36.44mm, with an increment of 20.48%,
22.61%, and 67.31%, respectively, and the R,, R;, and u,
values at the tunnel crown increase by 0.77m and 0.75m,
and 72.06 mm, with an increment of 13.62%, 14.24%, and
43.43%, respectively. Therefore, the pore water pressure
exerts a crucial influence on the radii of plastic and damage
zones and surface displacement.

4.1.2. Stress Distribution in Tunnel Surrounding Rock. Taking
the tunnel crown as an example, the stress distribution based

7
TaBLE 1: Geometrical and mechanical parameters.

Parameters Values
Radius of the tunnel, R, (m) 3
Initial stress, o, (MPa) 16.2
Support pressure, P; (MPa) 0
Lateral stress coefficient 1.5
Pore water pressure, P, (MPa) 5
Pore water pressure coefficient, n 1
R,/R, 12
Poisson’s ratio, y 0.25
Young’s modulus, E (MPa) 2400
Initial cohesion, ¢, (MPa) 3.5
Residual cohesion, ¢; (MPa) 1.5
Dilation angle, v, (*) 10

on different pore water pressure is shown in Figure 6. It can
be seen that the tangential stresses are always larger than
the radial stress. The radial stress presents a gradually
increasing trend, while the tangential stress presents a trend
of first increasing and then decreasing, and the maximum
tangential stress appears at the interface between the elastic
and plastic zones. As the pore water pressure increases, the
maximum tangential stress increases and is farther away
from the center of the tunnel.

4.2. Effect of Intermediate Principal Stress

4.2.1. Postpeak Zone Radii and Surface Displacement. In
order to research the influence of intermediate principal
stress on the tunnel deformation, the current analytical
results are compared with the data obtained based on the
Mohr-Coulomb criterion. As shown in Figure 7, because of
the neglect of the intermediate principal stress in the Mohr-
Coulomb criterion, the R, Ry, and u, values solved by the
Mohr-Coulomb criterion are all larger than those solved by
the Mogi-Coulomb criterion. For example, the R, R;, and
u, values at the tunnel side from the Mogi-Coulomb criterion
are 4.73 m, 4.22 m, and 76.71 mm, respectively; however, the
results from the Mohr-Coulomb criterion are 6.83 m, 5.95m,
and 130.69 mm, with an increment of 44.40%, 40.99%, and
70.37%, respectively.

4.2.2. Stress Distribution in Tunnel Surrounding Rock. The
stress distribution at the tunnel crown based on two different
criteria is shown in Figure 8. It can be seen that the interme-
diate principal stress has a significant effect on the stress dis-
tribution in the three zones. When the intermediate principal
stress is ignored, the stress concentration and maximum tan-
gential stress are larger, and the boundary between the plastic
and elastic zones is closer to the tunnel center.

4.3. Effect of Residual Cohesion

4.3.1. Postpeak Zone Radii and Surface Displacement.
Figure 9 shows the postpeak zone radii and surface displace-
ment around the tunnel under different types of residual
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FIGURE 6: Comparison of stress distribution at the tunnel crown
based on different pore water pressures.

cohesion. The radii of plastic and damage zones and surface
displacement all decrease with the increase of residual cohe-
sion. For example, as c; increases from 1.5 MPa to 2.5 MPa,
the R), R;, and u, values at the tunnel side decrease by

1.34m, 0.86m, and 37.39 mm, with a reduction of 24.45%,
18.07%, and 37.59%, respectively, and the R,, R;, and u,

values at the tunnel crown increase by 2.41m and 1.94m,
and 164.56 mm, with a reduction of 32.01%, 28.24%, and
52.63%, respectively. Therefore, some measures, such as
grouting, can be used to increase the residual cohesion of
the rock mass and reduce the deformation of the tunnel.

4.3.2. Stress Distribution in Tunnel Surrounding Rock. The
stress distribution based on different types of residual cohe-
sion is shown in Figure 10. It can be seen that the radial stress
is always in the increasing trend and the tangential stress is
always larger than the radial stress, which are similar to those
laws in Figures 6 and 9. As the residual cohesion increases,
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the maximum tangential stress increases slightly, but the
boundary between the plastic and elastic zones moves farther
away from the center of the tunnel.

5. Conclusions

Considering the pore water pressure, the stress distribution
and postpeak zone radii in the surrounding rock of a deep
tunnel in water-rich areas are deduced based on a strain-
softening model and the Mogi-Coulomb criterion. The influ-
ence of pore water pressure, intermediate principal stress,
and residual cohesion on the stress distribution and postpeak
zone radii is also discussed. The conclusions can be summa-
rized as follows:

(1) As for the stress distribution in the surrounding rock
of a tunnel, the tangential stresses are always larger
than the radial stress. The radial stress presents a
gradually increasing trend, while the tangential stress
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FIGURE 9: Postpeak zone radii and surface displacement around the tunnel under different types of residual cohesion.

70 presents a trend of first increasing and then decreas-
60: ing, and the maximum tangential stress appears at

] the interface between the elastic and plastic zones
= ” ] (2) The postpeak zone radii and surface displacement
S 40+ increase with the increasing pore water pressure
® 20 ] and decreasing residual cohesion. The greater the
& pore water pressure, the farther the maximum tan-
20 - gential stress is from the center of the tunnel. Resid-
1/ ual strength has little effect on the maximum

10 4% tangential stress

0+ (3) Because of the neglect of intermediate principal stress

in the Mohr-Coulomb criterion, the postpeak zone
radii, surface displacement, and maximum tangential
stress solved by the Mohr-Coulomb criterion are all
larger than those solved by the Mogi-Coulomb crite-
rion. Therefore, opportune consideration of the
intermediate principal stress can lead to a more rea-
sonable tunnel support design

—0— Cd: 1.0 MPa
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F1Gure 10: Comparison of stress distribution at the tunnel crown
based on different types of residual cohesion.
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