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Abstract

In this paper, an analytical method, for calculating seepage induced stresses and displacements in underwater lined circular
pressure tunnels, is developed on the basis of a generalized effective stress law. The problem is considered as axisymmetric, and the
lining and rock mass are assumed to be elastic, homogeneous and isotropic. The solution accounts for the seepage forces with the
steady-state flow and hydro-mechanical pressures between adjacent zones. The proposed method can be applied for the analysis and
design of pressure tunnels with concrete lining, prestressed concrete lining, grouted rock mass, as well as for the analysis of pressure
tunnels considering the effects of the surrounding fractured or damaged zone. Illustrative examples are given to demonstrate the
performance of the proposed method, and also to examine the effect of seepage forces on stability of pressure tunnels. It is concluded
that, the classic solutions (Lame’s solution), that is based on considering the internal pressure as a mechanical load applied to the
tunnel surface, is not applicable to pervious media and results in unsafe designs.
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1. Introduction

Pressure tunnels are excavated as conduits which convey
pressurized water. They may be either unlined or provided with
pervious or impervious lining systems. In an impervious lined
pressure tunnel, water pressure is applied as a direct load,
uniformly distributed and perpendicular to the tunnel surface. On
the other hand, in unlined and pervious lined pressure tunnels,
water infiltrates cavities (pores, cracks, fissures, and so on) and
the resulted seepage forces act on the lining and each zone of the
rock mass. In these tunnels, as a result of induced stress
concentrations by loads from the ground or induced disturbances
by Tunnel Boring Machine (TBM) or blasting during the excavation
stage (Brown and Bray, 1982; Kelsall ef al., 1984; Moore, 1989;
Pusch, 1989; Bai ef al., 1999; Tsang et al., 2005; Fahimifar and
Zareifard, 2009; Saiang and Nordlund, 2009; Fernandez and
Moon, 2010; Butscher ef al., 2011a, b) or hydrofracturing
phenomenon during the operation stage (Schleiss, 1986; Deere
and Lombardi, 1989), a damaged zone with altered hydro-
mechanical characteristics may be developed in the surrounding
rock mass. This may result in excessive leakage from the tunnel,
excessive pore pressure or increasing the portions of loads
carried by the lining (thus, increasing the possibility of cracks
development) or other undesirable effects. In this regard, grouting is
specified as means of stiffening and decreasing permeability of
the surrounding rock mass. The grout must fill, on the one hand,

the gap between the lining and the rock, and on the other hand,
the fractures and large pores in the rock mass. Furthermore,
grouting can be used as a passive prestressing, individually or in
combination with active prestressing produced by tendons, for
avoiding cracks development in the lining. Therefore, around a
pressure tunnel, there may be zones with different mechanical
and hydraulic properties (the lining, the unaltered zone and the
altered zone including the grouted or damaged zones). At the
boundary between these zones, hydraulic and mechanical
boundary pressures will be applied.

Despite the engineering advances, the analysis of pressure
tunnels is usually based on considering the internal pressure as a
mechanical load. Several reports of unsatisfying pressure tunnels
show that in most cases, failures have occurred during the first
water filling and operation or shortly afterward, because either a
fundamental mode of failure had not been recognized at the
design stage, or the design had not been carried out based on a
powerful analysis.

In this regard, by using numerical methods, implemented in
computer programs, which model the flow of fluid (e.g.,
groundwater) through the pervious media, geotechnical structures,
such as pressure tunnels, can be analyzed hydro-mechanically. In
these methods, all complexities can be covered, ideally. However,
the numerical analysis of pressure tunnels is a relatively
laborious and complicated process, and does not easily permit
designers to identify key wvariables controlling the tunnel
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behavior, as well as, the sensitivity of the tunnel behavior to one
or several of these key variables.

No closed-form analytical solutions exist that include the full
complexity of such a problem.

Analytical solutions of simpler cases, if found, are preferred
for the preliminary design or controlling the final design of
pressure tunnels and have the potential of providing insight into
the problem. For instance, the analysis of a circular pressure
tunnel excavated in an elastic, homogeneous and isotropic rock
mass, under simplified seepage flows and boundary conditions
provide the means to obtain estimates of stresses and strains in
the lining and the rock mass, quickly. Analytical solutions,
however, are limited because they usually require a number of
assumptions and simplifications that often apply to the problems
with limited practical interest. Nevertheless, the advantages of
having a closed-form solution often outweigh the limitations.

The effect of seepage forces on mechanical responses of
traditional tunnels has investigated by a number of researchers
(Brown and Bray, 1982; Lee and Nam, 2001; Fahimifar and
Zareifard, 2009, 2014; Carranza-Torres and Zhao, 2009; Bobet,
2010; Shin et al,, 2010, 2011). On the other hand, limited effort
has been dedicated to the analysis of pressure tunnels under
seepage forces. Analytical solutions for the problem of pressure
tunnels presented by Bouvard and Pinto (1969), Brown and Bray
(1982); Schleiss (1986); Fernandez and Alvarez (1994); Fernandez
(1994); Schleiss (1997); Bobet and Nam (2007) and Fahimifar
and Zareifard (2013) reveal that the calculation of stresses and
strains in the lining and the rock mass must be carried out by
considering the seepage forces.

In this paper, a simplified closed-form analytical solution for
lined underwater pressure tunnels is presented. The model
consists of three zones, which interact with each other through
boundary mechanical and hydraulic pressures: a. lining, b.
altered ground, and c. unaltered ground.

For the development of the new solution the following
assumptions are made: (1) the lining and the altered zone are
hollow thick-walled cylinders; (2) the tunnel is deep enough
below the ground surface; (3) the axisymmetric conditions
are utilized.

2. Problem Description

It is generally recognized that, the pore pressure has different
effects on deformations, and initiation of cracks and fractures
(Terzaghi, 1923; Skempton, 1961; Garg and Nur, 1973 Jaeger
and Cook, 1979; Paterson and Wong, 2005). Both the theoretical
analyses and the experimental observations show that, provided
that the rock or concrete contain connected system of pores, the
initiation of a crack or fracture is controlled by the Terzaghi
effective stress ¢”, defined as:

d=0o-p, &
On the other hand, deformations are controlled by the Biot

effective stress o” as:
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o' = O-_ﬁpw (2)

where o is the induced total stress; p, is the induced pore water
pressure, and /£ is the Biot-Willis coupling poroelastic constant
(by convention, compressive stress is positive). The Biot-Willis
coupling poroelastic constant £ depends on the bulk modulus of
both solid matrix and solid grain material, as described by the
following equation (Biot and Willis, 1941; Nur and Byerlee, 1971).
K
p=1-+

s

(©)

where K and K are the bulk modulus of the matrix material and
the solid constituent, respectively. In a saturated porous rock, the
value of may be expected as low as 0.5 (Skempton, 1961). The
Biot coefficient can be estimated from laboratory tests. Different
researchers have attempted to obtain £ values for different rocks
(Terzaghi, 1923; Skempton, 1961; Garg and Nur, 1973; Berryman,
1993 ; Gurevich, 2004; Paterson and Wong, 2005). For instance,
Berryman (1993) derived effective stress coefficients S for
various rocks composed of a number of mineral constituents.

In the polar coordinates (r, 8) , the induced stress field for each
element of the ground and lining (see Fig. 1) has to fulfill the
equilibrium equations as (Timoshenko and Goodier, 1982):

"

oo, 100y, 0,'—o0,
s 20 4 F o=
or r 06 r £.=0 “)

00,0, 1004 | G0t Ty

or r 00 r =0 ©)

where F, and F) are the seepage body forces in the radial, and
circumferential directions, respectively, and are given as

_ Pp, 0

F,= 2L ©)
_ ,é’apu(,-.a)

Fo=T"25" (7)

Unaltered zone

Fig. 1. Body Forces and Stress Components Corresponding to an
Element
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where p,., is the induced pore pressure at (r, 6), and S 1is the
Biot-Willis coupling poroelastic constant.

Obtaining an analytical solution for the problem is impossible
without using appropriate simplifying assumptions. For instance,
in the majority of solutions for tunnels in high or low
groundwater tables, the governing equilibrium equation is solved
utilizing the radial flow pattern with a specific radius of seepage
affected zone (Bouvard and Pinto, 1969; Brown and Bray, 1982;
Schleiss, 1986-1997). In such radial-flow-based solutions, the
variations of pore pressure in different directions are ignored.
This assumption may be only applicable for tunnels in high
groundwater table, namely h,»r, (h; is depth of the tunnel from
groundwater table) . Therefore, the use of radial flow pattern for
tunnels at low depth below groundwater surface is open to
question. However, the radial-flow-based solutions are practically
used for the analysis of tunnels in both high and low groundwater
levels.

For instance in the radial-flow-based solutions presented by
Schleiss (1986-1997) the distance of the tunnel from groundwater
level is considered as the radius of seepage affected zone. In
these solutions, the internal radius (the tunnel perimeter), the
external radius (the radius of the seepage affected zone = h;) and
the induced pore pressures at both radii are the controlling
variables for the calculation of the seepage pressure and the
acting mechanical boundary pressure at the interface between the
different zones. This has a slight influence on the seepage losses
out of the tunnel calculated by Schleiss even if for its calculation
the non-radial symmetrical solution is used.

In the present work, the analyses are performed for each
direction based on the axisymmetric conditions; thus, the stress
state at a distance r is defined by the radial stress o, and the

. . 00y .
circumferential stress oy Therefore, the term %% will be

cancelled from Eq. (4) and the radial components of the seepage
force are only taken into account. Then, the circumferential
components are neglected. It means that the analysis through
each direction can be carried out independently of other directions.
By conducting numerical analyses for cases of tunnels in high
and low groundwater levels, Fernandez and Alvarez (1994) and
Fahimifar and Zareifard (2012) showed that the shear stresses

Unaltered
Ground

| At infinity
p,=0
6'=0

r

Fig. 2. Geometry, Applied Loads and Boundary Conditions for the
Model (circular hole in an infinite medium under radial seep-
age forces)
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o, arenegligible, in contrastto " and o, , even for tunnels in
very low groundwater levels.

Thus, the solution for each direction simplifies to an axisymmetric
solution which only depends on the seepage forces through this
direction independently of other directions. The resulting model
is shown in Fig. 2.

In this way, the system of partial differential equations governing
the stresses and strains in each zone will be reduced to an
ordinary differential equation as

dUr" O_{}H _ G]‘N
¢ L F =
dr r F.=0 ®)
u,
&g = 7 ©
du,
&= (10)

where F, is the applied radial seepage force, and it depends on
the pore pressure gradient through the considering direction, u, is
the radial component of displacement; and &, and & are the
circumferential and radial strains, respectively.

The relationships between the induced strains, & and &, and
induced Biot effective stresses o,” and o,” in each zone are
given by Hooke's law for the plane-strain condition (Timoshenko
and Goodier, 1982):

" E

= m[(l - V)Er+ Vé’,g]

o, (11)
" E

= m[(l — V)&t ve, ]

o (12)
where and E and v are elasticity modulus and Poisson’ s ratio of
the considering zone, respectively.

Equilibrium Eq. (8), strain-displacement Eqs (9) and (10), and
Hooke's law, i.e. Egs. (11) and (12), must be satisfied for all
zones. In this manner, substituting Egs. (11) and (12) into Eq. (8)
and applying Egs. (9) and (10) gives the following equation for
the unknown induced radial displacement y,.

\du, d'u, _ dp,(1+v)(1-2v)

- o (13)

ur
2 ordr g2 Tdr E(1-v)

where u, s the induced radial displacement, and p,, is the induced
pore pressure at the radial distance, r, and £ and v are elasticity
modulus and Poisson's ratio of the considering zone, respectively.

In Eq. (13), the induced pore pressure gradient through the
considering direction is utilized, as mentioned previously.

The seepage flow in a medium with homogeneous and
isotropic permeability can be formulated in terms of a function of
complex variables named characteristic function, in which its
real part represents the equipotential lines, and its imaginary part
represents the flow lines. In the case of a pressurized cylinder, at
a constant hydraulic head, beneath a horizontal groundwater
table in a homogeneous and isotropic permeable medium,
Kolymbas and Wagner (2006) derived the characteristic function
of the non-radial seepage flow. In the proposed solution, the pore
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pressure p,. , induced by the applied internal pressure P; in the
unaltered zone is estimated using the flow pattern proposed by
Kolymbas and Wagner (2006) as.

22 2 . 2.2
%4 crcos @+ (crsinf-c'r )j
wi(r, = ] z rzr 14
Pueo) 2 ik, [ c’r’cos’0+ (crsin@-r,)’ ¢ (9
2 2
o= oAk (15)

Te

where ¢ is seepage flow rate, k. is the permeability of the
unaltered rock mass, 7, is the radius of the altered zone, 4, is
depth of the tunnel from the groundwater surface.

On the other hand, the radial flow is utilized for estimation of
the induced pore pressure in the lining and the altered zone.
Thus, using Darcy’s equation, pore pressures in the concrete
lining and the altered zone are obtained from Egs. (16) and (17),
respectively.

_ g r

DPuiroy = 2——-——ﬂkulog(;) *Dwey TiSPET, (16)
_nd r

Pucor = 2—-—ﬂkglog(;—) Py TSrEr, (17)

where 7, and 7; are the external and internal radii of the lining,
respectively, and &, and k. are the permeability of the altered zone
and concrete lining, respectively. Furthermore, the induced pore
pressure should satisfy the following boundary conditions at the
internal radius of the lining and at an infinite radius, respectively:

(18)
(19)

where P, = H,y, is the final internal water pressure and H; is the
final internal water head.

At the interfaces between the lining and altered zone and
between the altered and unaltered zones, the pore pressure
calculated in the external zone must be identical to that in the
internal zone, since, the pore pressure must be continuous over
the boundary. Consequently, Eq. (14) must be equal to Eq. (17)
at r = r,, and Eq. (16) should be equal to Eq. (17) at » =r, . The
following equation for the seepage flow rate, q is derived from
these continuity equations by taking into account the boundary
conditions (18) and (19):

pw(r,,H) = Pi_ }/whl

Duwir=w,0-0)= 0

g= 272]7;_7“-}1; 1 (20)

B 1 (Q),l (ﬂ)Jrl
kclog ~ kglog : k,lOg(C)

i

The governing differential Eq. (13) is a linear equation; thus, the
principle of superposition can be applied to solve it for each zone.

For the saturated region, using the superposition concept, the
total stresses, strains and displacements are divided into the
following components:

a. Components Corresponding to the Induced Seepage Forces.

b. Components corresponding to the induced boundary pres-

sures.
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3. Induced Stresses and Strains Corresponding
to the Seepage Forces

3.1 Unaltered Zone
In this section, the solution is presented for pore pressure
distribution through the horizontal direction, as an example.
Solving the differential Eq. (13) using the induced pore

pressure gradient through the horizontal direction BPuio= ‘;’irg:‘”,

gives analytical expressions for the induced circumferential strain
£ » and the induced radial strain &, corresponding to the
seepage forces at any radius r (Fahimifar and Zareifard, 2012) :

: 1
SE
Sﬂ{r} =C| +r—2C2 -

;r-;r:‘(log(.v-2 +c’r} )— 1)
1(1+v,)(1-2v,) ﬂ!pw[rv] —r; (log(r:‘ +c2r2)— l) 21
4 Ec*r*(1-v,) loglc) P2 4oyt

+cir? log{ —— ‘,]

cre +rg‘
SE |
& =C-—=C -
r
2, a22 ]
(2r ¢’ -r'c )1og[r, 1C r{]
crt+r]

+ r; l()g(clr: + r;)

-rict Iog[r2 + czrﬁ) 22)
104v)A=2) PP | i s
4 Ecri(l-v,) logle) | ZleC 27 %€

re +(.‘lf"; cr+ f';

(et -1) (23)

2 2 -
+2rc‘{ 5 2!: TR C . ‘:]
f"-+|‘:h?‘£ Ch?“-‘i'f';

(I+v)(d-2v)
2Er(] - Vr)
P(1+v) Puiy {ﬂr(l —2w)(c'=Dlog(ry(1 +c2))}
4E,c*(1-v)Iog(€)] +log(c)c*(B +2(1-B)(1- )
4)

Cl == ﬁrpw(rg)

where c is obtained from Eq. (15).

In this paper, superscript SE refers to the quantities corresponding
to the seepage forces, subscript r refers to quantities corresponding
to the unaltered rock mass, subscript g refers to quantities
corresponding to the altered rock mass, and subscript ¢ refers to
quantities corresponding to the concrete lining.

Using Egs. (21), (22), (11), (12), (1) and (2) gives the values of
the strains and stresses corresponding to the seepage forces, i.e:,
oy s Exys Tty » Ty » Totry @nd o’y , Tespectively.

The analytical expressions for the induced circumferential and
radial strains corresponding to the seepage forces through the
other directions can be found in Fahimifar and Zareifard (2012). It
should be notified that for directions within the limits of
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(0°< 8<180°) , there exist both dry and saturated zones. In this case,
the boundary pressures between theses zones should be considered.

3.2 Altered Zone

Solving the differential Eq. (13) using the induced pore
pressure gradient obtained from Eq. (17), gives the induced
circumferential strain &, , and the induced radial strain &,
corresponding to the seepage forces at any radius r:

gs[r C+1C

1(Pn{, Pn{, Il 2, Ji+v, N2log(r)-

4 (25)
lng[Z]Ez (1 Ve )

r{r) = C' 2 C;

1 (pwu,: = Pz Il ~2v, Ji+v, (2log(r) +1)8, (26)

4 log[:i]Eg (] - vg)

where C; and C) are integration constants, and are obtained

from the boundary conditions o, = (1-B)p.(r,) and
oy = (1=B)p.(r,) as follows:
Puiry=Puwe) fz_ r i)(l -2v)B.
r
_ _ log| £
C = 11_1 (12 22VEg) (11 Vg) (r) (27)
(rg_VO) g( B Vg) zﬂg(pw(rﬂ)_pw(l‘.,))rzv

+4(] - Vg)(] _ﬂg)(pw(m)ré _pw'(r(,)ri

Cz’ — lri’r’::(l + Vg) (pw(r,) _pw(r,,)) (2(1 - Vg)(l _ﬂg) + ﬁg) (28)

2 E (re=r)(1-v,)

Similar equations are utilized for the analysis of the pervious
lining, with the internal and external radii r; and r,; the internal
and external induced pore pressures p,, =P,/ and p,,
and elasticity modulus E. and Poisson’s ratio v..

The permeability and elasticity modulus of the altered zone
can be variable. Derivation of the induced stresses and strains for
this case is presented in Appendix A.

4. Induced Stresses and Strains Corresponding

nBU __ ' P"‘:
O.r[r} = r{rx)r_z (32)

where the superscript BU refers to the quantities corresponding
to the boundary pressures.

4.2 Altered Ground
The components corresponding to the induced boundary
pressures o', applied to r = r,, and o’ , applied to r = r, by

solving differential Eq. (13), considering %—r—‘ =0:

oo dsv, , : 2 Ly,
Eatr) = Eg“ (0,(,,1—0,t,°1)r:rjroz [[1—2*’x]+ :—]+ E, ol i-2v,) G3)
,l,} = (Cf ()~ oy, })—[ 1- ZV ";] 6;{’x}(] —ZVR) (34)
L] r r r{)z rz r
R AR e {1 +fz]+f’r{r,} (35)
£ o
(36)

ot = (o) 5l )rf
8

rZ
[l——]+0’{ ]
-, r

Similar equations are utilized for the analysis of the pervious
lining, with the internal and external radii 7; and r,; the internal
and external mechanical pressures o', =0 and o', and
elasticity modulus £, and Poisson’s ratio v,.

The induced displacements, strains and stresses are obtained
from the sum of two principal components as follows:

Eor) = Ea0) + Eolr) (37)
€)= £+ €10) G8)
Cor) = oty + Ooty (39
0l =010 T (40)

4.3 Boundary Pressures

At radius 7,, a mechanical boundary pressure o/, will be
applied between the altered zone and the lining; and at radius r,,
a mechanical boundary pressure o', , will be applied between
the altered zone and the unaltered rock masses. These boundary
pressures are obtained from compatibility conditions at these

d“, “ . Iinf/r: u[lleru,l d ulluu] umr[luu,l
to the Boundary Pressures FaciL 1€ Eary = oy > B0 Eory = Eacry
' Q0 — 0,0l
o) = (41)
4.1 Unaltered Ground And: ith — A
The components corresponding to the induced boundary ’
pressure o', applied to r=r,, are obtained by solving Eq. o ):aj[a.cr’( }_,_azJ 42)
pn _
(13), COHSldermg @ = rf((l + vg]E, -1+ V,)Eg)— 7 ((l + VxX] -2v, )E +(1+ v,)Ex) (43)
" 1 ' ? _ 2 altered ) unaltered )
s == %}% o) % =EE 7 - e - afly) (44)
1
= 45)
l+v, r 2012 (
&) =5 -5 (30) 2Er1-1)
r , =2r(1-1}) (40)
L r ¥ 31
oo =015 D s = E, (12 = 12 s ered) _ g Etner) ) 47)
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2 2
(ro _ri' )‘Ec

Oy =
2 2 2 2Y..2 2
E, (l+|/c I— v’ +2vr =1 +3r Ira —rg) (48)
+ (r:‘ —2l/8rf + r;Il +V, Ir:‘ —r,z]Ef
SE(liner) SE(altered) SE(altered) SE(unaltered)
where &y, ", oy s Ear and &y, are the

circumferential strains corresponding to the seepage forces in the
lining at radius r,, in the altered zone at radius 7, in the altered
zone at radius r,, in the unaltered ground at radius r,, respectively.
These strains are calculated from the formulations presented in
Section 3.

It should be notified that, when there is not an altered zone
around the tunnel, the boundary pressure between the ground
and the lining is obtained from the compatibility condition at
radius r,( gy = gy ") as:

_ (st - a3yl ~r/JE.E,
(v )E (v )E ) (v Xi-2v )E, + (14, )E)

In many cases, the lining tends to separate from the rock. High
tensile stresses will be transmitted to the rock, if the lining is
prestressed by grouting the gap between the lining and the rock
mass at high pressure. Otherwise, at the lining- rock boundary a
gap would open (Thurnherr and Uherkovich, 1978). In this case,
the boundary pressure between the ground and the lining reduces
to zero, i.€., o'y, =0, which may result in diminishing the
tensile stresses in the lining. Therefore, the opening of the gap
can has a beneficial effect on avoiding new longitudinal cracks.
In practice, the gap can open if the tunnel is pressurized slowly.
Additionally, the gap opening can be facilitated by spraying a
bond breaker of white wash or similar on the rough rock surface
be concreting the lining (Schleiss, 1986).

(49)

.
Te(e,

5. Comparison with Other Solutions

The results obtained by the proposed solution are compared
with those obtained by the other closed-form solutions (the
radial-flow-based solution and Lame’s solutions) using a typical
data set shown in Table 1 (data set 1). In contrast to the radial-
flow-based solution, in the proposed solution, the axisymmetric
conditions are only assumed for mechanical analysis. As shown
by Fernandez and Alvarez (1994) and Fahimifar and Zareifard
(2012), this assumption is valid even for pressure tunnels in low
groundwater tables, namely for r—U‘ >5.

The results obtained by the proposed solution are compared

with the radial-flow-based solution for the considering pressure
tunnel (Data set 1 in Table 1). In the radial-flow-based solutions,
the reach of seepage flow is assumed to be equal to the distance
of the tunnel from the groundwater surface as proposed by
Schleiss (1986-1997).

A tunnel of radius r,=2.0 m is excavated at depth 100 m
below a horizontal ground surface, where horizontal minor and
vertical major principal in-situ stresses o’o;, =1 MPa and
0've =2.5MPa are initially applied. The surrounding rock
medium has elastic constants £, = 10 GPa and v, =0.2, and
Biot-Willis coupling poroelastic constant 3. = 0.8 . The tunnel is
lined with a concrete lining with an internal radius », = 1.75 m,
an external radius r,=2.0 m; a tensile strength o, = 1 MPa;
elastic constants £, =25 GPa and v, = 0.25; Biot-Willis coupling
poroelastic constant 4. = 0.8; and permeability &, = 0.1k, .

In addition, depth of the tunnel from a horizontal groundwater
table is h; = 20 m, and an internal water head of H;, = 50 m is
applied to the internal surface of the lining under the operational
conditions. This produces induced boundary mechanical and
hydraulic pressures o, , =-0.00454 MPa and p,,, = 0.203 Mpa.
The circumferential stresses at the inner surface of the lining and
the rock mass are |oY,,|=0.784 MPa<o, (because the
circumferential tensile stress is smaller than tensile strength of
concrete, tensile cracks will not develop) and |°"6<r0) =(0.28 MPa,
respectively, and the induced radial displacement at the rock -
lining interface is u,,, =-0.0477 mm.

Figure 3 show a comparison between the stress and pore water
pressure distributions obtained from different analytical solutions
(Lame’s solution, proposed solution, and the radial-flow-based
solution). The results indicate that the seepage induced pore
pressure and tensile stresses estimated from the radial-flow-
based solution are generally lower than those obtained by the
proposed solution. The same trend is observed for the results
obtained by the proposed solution through the tunnel crown, to
some extent. However, the proposed solutions for the other
directions generally show different trends.

Comparison of the results indicates that the induced pore
pressure and tensile stresses obtained through the tunnel floor are
higher than those obtained through the tunnel crown, and that the
induced pore pressure and tensile stresses obtained through the
tunnel spring line are between them. In addition, the rate of
decrease in pore pressure, radial and circumferential stresses,
through the tunnel crown, is considerably faster than the tunnel
spring line and floor, which is of practical importance for

Table 1. Data Set
Set 1 Homogenous
7 =2.0m Prestressed: Oy =0.3MPa, o, , =0.3 MPa,
S B o= Set 2 O,y =0.5MPa,r,=3m, k, =02k,
il S v V0.2, E,= 15000 Mpa, /3, = 0.8
r=1.75m, ,=1 Mpa, With a damaged zone:
E.=25GPa,v,=0.25, re=5m,1,=02, 5,=0.8,
£.=0.8, k. =0.1k, Set 3 k. | =100k, —tmeervaciation b\ = k.
2l . gl
Eg:,.&} = 0.31‘; linear variation Ex(,}] = .E,
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Fig. 3. Comparison of the Results Obtained by Different Solutions for the Lined Pressure Tunnel (Data set 1, H; =50 m, h; = 20 m): (a)
Distribution of the Induced Pore Pressure, (b) Radial Stress, (c) Circumferential Stress

controlling the stability of the valleys located in the vicinity of
pressure tunnels. The results obtained from the proposed solution
can be used for evaluation of hydrojacking and hydrofracturing
potentials in the surrounding rock mass by comparing the
induced stresses and pore pressures with the initial or in-situ
stresses (hydrofracturing is the event that produces fractures in a
sound rock due to water pressure, while hydrojacking is just the
opening of the existing cracks or joints due to water pressure
(Deere and Lombardi, 1989). In this way, Fernandez and Alvarez
(1994) suggested that for evaluating the values of the safety
factor against hydrojacking of planes parallel to the ground
surface, the induced stresses perpendicular to that plane should
be compared with the minor principal in-situ stress ¢y;,. For the
considering tunnel, the factor of safety against hydrojacking of the
plane parallel to the ground surface passing through the tunnel
0

centerline at the side walls is obtained as F'S,,,,, = T _min

=3.57.

’

G ar,)

The results of Lame’s solution, which assumes the surrounding
rock mass to be impervious and the internal pressure to act as a
mechanical surface load, are also shown in these figures. As
observed, the results for Lame’s solution are generally different
from the other solutions. In addition, in contrast to the case in
which the internal pressure is treated as a mechanical load (i.e.
impervious pressure tunnels); seepage affects a wide zone of the
rock mass surrounding a pervious pressure tunnel. It should be
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noted that, the results obtained are only valid for a certain
concrete lining permeability compared to the rock permeability

c

(%‘ =0.1); and for smaller permeability ratios {/i-, the results

become closer to Lame’s solution.

As seen in Fig. 3, the stresses and pore pressure for different
directions are not the same; thus, radial-flow-based solution
which provides the same variations for all directions is not
realistic. To compare the proposed solution with the radial-flow-
based solution, the differences in percentage terms between the
results (the induced radial and circumferential stresses) obtained
by these solutions (at radial distances r = 10 m and r =2 m from
the tunnel centerline through the side walls, crown and bottom)
for varying 7 are plotted in Fig. 4. It is observed that at the
tunnel perimeger the results obtained by the proposed solution for
different directions are exactly the same. The results show that
the difference in circumferential stresses at the tunnel perimeter
(r=2m) is always below 10% even for tunnels in low groundwater
tables. On the other hand, away from the tunnel, the difference in
the circumferential stresses is above 10% even for tunnels in
high groundwater tables. However, the differences decrease with

increasing in r—' . In contrast, no general trend can be found in the
variation of the induced radial stresses. Nevertheless, as

observed, at both radii (r = 10 m and r = 2 m), the difference in
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Fig. 4. Differences between the Induced Stresses Obtained by the
Proposed Solution and the Radial-flow-based Solution for
Different Tunnel Depths from the Groundwater Table for the

Lined Tunnel (Data set 1, H; = 50 m), where: difference(%)
= ( o_rproposed solution  _ o_rradial symmetrical solution) / Jrpmposed solution  w 100

(a) Radial Stress, (b) Circumferential Stress

the radial stresses is above 10% even for tunnels in high
groundwater tables.

6. Effect of the Free Ground Surface

In the proposed solution the effect of free ground surface is not
taken into account. In this regard, as shown in Fig. 2, it is
assumed that the tunnel is deep enough. Thus, for very shallow
tunnels, ignoring the free ground surface may result in large
differences.

Here, the effect of depth of pressure tunnel from the ground
surface is investigated. In this regard, comparing the results
obtained from the proposed solution with those obtained from a
depth-dependent solution, the degree of accuracy of the proposed
solution in approximating stresses and displacements for shallow
tunnels can be evaluated.

If a model is considered which has a free external boundary
with radius equal to /4, an implicitly depth-dependent solution is
attained (shown in Fig. 5). In this case, compared to the model
introduced in Fig. 2, the geometry, boundary condition and
applied loads through the tunnel crown is generalized to all
directions. Thus, as shown in Fig. 5, the problem is converted to
a thick-walled cylinder with an internal radius 7, and an external
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Fig. 5. Depth-dependent Model: Thick Walled-cylinder under Radial
Seepage Forces with Internal Radius r, and External Radius hy
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Fig. 6. Effect of Depth from free Ground Surface h, on the Induced
Radial Stress for the Lined Tunnel (Data set 1, H; = 50 m,
h1 =5 m)

radius of the tunnel depth #,.

Figure 6 shows a comparison between the radial stresses
distributions obtained by the proposed solution (Fig. 2) and the
depth-dependent solution (Fig. 5) for different depths of the
tunnel from the ground surface h, (Data set 1 in table 1 for case
hy =5 m). The differences between the depth-dependent and
proposed solutions for different values of the tunnel depth in
approximating the induced circumferential and radial stresses at
the tunnel radius (i.e, oy,, and o, ) are plotted in Fig. 7. It is
observed that in the vicinity of the tunnel, the results obtained by
the proposed solution for different directions are identical,
indicating that the utilized simplification, i.e. generalizing pore
pressure distribution to the all directions, has negligible effect on
the induced stresses near the tunnel walls. Comparing the results
obtained for different depths based on the depth-dependent
solution with those obtained by the proposed solution (through
the tunnel crown) shows that by increasing 4, the results
obtained by the proposed solution converge to those obtained by

the depth-dependent solution, and that for /, > 20 m (}ri’> 10)

the effect of free surface on the results becomes inconsiderable.
It can be concluded that, although the proposed solution is
initially derived for deep tunnels, it provides sufficiently accurate
results for relatively shallow tunnels.
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7. Stresses and Strains Induced by Prestressing

Cracks will develop in the concrete lining, due to applying the
internal pressure, if the circumferential stresses at its internal
radius exceed the tensile strength of the concrete. The cracks can
be controlled to some extent by reinforcing. On the other hand,
cracks can be prevented either by reducing loads within the
lining (by increasing the thickness of the lining, rock grouting,
and drainage system) or by increasing the resistance of the lining
using prestressing. At high pressure heads, cracks are only
avoided by prestressing, or using steel linings; while, prestressing is
a more popular option, especially for shortening the construction
period, increasing in durability and reducing the costs. Different
prestressing methods have been developed: prestressing by
grouting (rock grouting and gap grouting), or passive prestressing
and prestressing by tendons or active prestressing (Schleiss, 1986).
In the passive case, the prestressing is applied by grout pressure
acting in a cavity between the lining and the surrounding rock. In
this method, an adequate strength or adequate overburden depth
is required for the permanent maintenance of prestress. On the
other hand, in the active prestressing, prestress is produced by
individual tendons running around the concrete lining. These two
methods are usually used together to attain the best performance
by composite action of the rock and the lining. Furthermore, in
80
70
&0
50

— proposed solution (crown)

40 o proposed solution (side walls)
x proposed solution (Roor)

difference(%)

30

20

10 —— prepesed solution (crown)
o propesed solution (side walls)
¥ proposed solution (fioor)

difference(%)

o
N

0 10 20 30 40
hyr,

(b)

Fig. 7. Differences between the Induced Stresses at the Tunnel
Radius Obtained by the Proposed Solution and the Depth-
dependent Solution for Different Tunnel Depths from the
Ground Surface for the Lined Tunnel (Data set 1, H;= 50 m,
hi = 5 m), where, difference(%) = ("o oton —
O./(ro)dep{h-dependen{ solution)/ Gr(ra)depth-dependent solution 100: (a) Radial
Stress, (b) Circumferential Stress

£
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Unaltered ground

Oplr.)

Grouted zone

Fig. 8. Boundary Prestressing Pressures Applied to Different Zones

this case, a uniform prestressing pressure around the entire
surface will be induced (Thurnherr and Uherkovich, 1978).

In this paper, the effect of passive prestressing is considered by
uniform boundary pressures o, and o, applied to the
internal and external radii of the grouted zone i.e. r, and r,; and
the effect of active prestressing is considered by a uniform
boundary pressure o, applied to the external radius of the
lining(see Fig. 8). Using superposition concept, the stresses
induced by these prestressing pressures are added to the seepage
induced stresses in the lining, the altered zone (here, the grouted
zone) and the unaltered zone.

The stresses induced by the prestressing pressures in each zone
are obtained by solving Eq. (13) taking into account the
boundary conditions shown in Fig. 8, namely,

In the lining:
2 2
tP rr 'ro
ol = (C’a(r,} +f’p{rﬂ))r2 2 [1 _r_z]"'ga{ro] ) (50)
!‘2 J‘z 51
tPR i a
o3t =00 +gﬂ[n,))_r2 | 1T Y %) T ) S
In the grouted zone:
'PR _ _ ",)2 _ T 52
Ou(r) = (O-P[’x) O () P2 _p? 1 r_2 O, (52)
4 a
2 2
1PR__ Yo rH 53
,Go{r)—("p{r,)‘%[rﬂ} rz_r2[1+r—z}+ap{rg] (53)
, P 8
2
tPR _ ‘g 54
Trlr) = Tl )| 2 oY
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As an example, for the considering tunnel in the previous
sections (Data set 1 in Table 1 for case /#; =20 m), if an internal
water head of H; =250 m is applied to the internal surface of the
lining, the circumferential stress equal to o'y,, = - 6.01 MPa will
be induced in the inner surface of the lining. In this case, the
boundary stress between the lining and the rock mass is a tensile
stress; thus, the lining tends to separate from the rock. If, a gap is
opened at the lining- rock boundary, the induced circumferential
stress will reduce to oy, , = -5.72 MPa.

It is observed that in both cases (with or without the gap
opening), tensile cracks will develop. Therefore, in order to
avoid cracks development in the lining, a combination of active
and passive prestressing methods with the following boundary
pressures is used (Data set 2 in Table 1 for case 4#; =20 m).

Oy = 1.2 MPa, ¢

p(r,

y= 0.3 MPa, ¢,

P

,=0.5 MPa
The properties of the grouted zone are listed as:
re=3m, k,=02xk, v, =02, E,= 15000 MPa, 3, = 0.8

In this case, the calculated circumferential stress at the internal
surface of the lining is equal to ¢’4,, = 10.03 MPa. Fig. 9 shows
the calculated induced stresses in the rock mass. It should be
notified that, the magnitude of induced stresses in the rock mass
must be smaller than the initial in-situ stresses in the rock mass,
to prevent instability of the tunnel.

8. Effect of the Excavation Damaged Zone

In this section, the effect of a damaged zone, which may be
developed around tunnels, is investigated. The tunnel presented
in section 5 is considered for this purpose; except that, in this
case, a damaged zone is developed around the tunnel. A
damaged zone can be defined as a rock zone around a tunnel
where the rock permeability and stiffness parameters have changed
due to the processes related to the excavation and operation
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phases. Different mechanisms are related to the development of a
damaged zone. Major factors related to the development of a
damaged zone are (a) excavation impact; (b) stress redistribution after
excavation; (c) hydrofracturing phenomenon due to the internal
pressure. Both the theoretical analyses and the experimental
observations has shown that the thickness of the zone of
damaged rock can range from few centimeters up to several
meters. It should be recognized that, in the damaged zone,
neither the stiffness nor the permeability are constant for any
rock unit.

In the method proposed in this paper, the effect of the damaged
zone on the stresses and displacements around pressure tunnels
is considered. Here the effects of the damaged zone are
examined. As an illustrative example, it is assumed that a damaged
zone with radius 7, = 5 m, is developed around the considering
tunnel (Data set 3 in Table 1).

For the considering tunnel, it is assumed that the permeability
and the elastic modulus of the damaged zone have linear
variations between r, and r, i.. (Data set 3):

linear vasiation
ky(r,) =100k, —=225 k) =k,
E )= DBEV linear var iation s E } =E

&lr,

Furthermore, Poisson’s ratio and Biot-Willis constant of the
damaged zone are v, = 0.2 and £, = 0.8, respectively. Depth of
the tunnel from a horizontal groundwater table is h, =20 m, and
an internal water head of H; = 50 m is applied to the internal
surface of the lining under the operational conditions.

The high changes in the permeability and stiffness chosen for
the damaged zone are not unlikely (Lanyon, 2011). However,
this case are not common in pressure tunnels; if required
precautionary measures in the excavation stage (using a
controlled excavation procedure) or in the design stage (e.g.,
using continuous injection) are taken. This case is considered to
examine the maximum possible effect of the alterations in
parameters on the predicted induced stresses, and to illustrate the
different models, which can be considered.

The analyses are carried out through the horizontal direction
for the tunnel (Data set 3) based on the following models:

Case 1: effect of the damaged zone is neglected, and 7, = r,
(rock mass is considered as homogenous).

Case 2: effect of the damaged zone is neglected, but in a
cylindrical zone with an external radius 7,, the analysis is carried
out based on the radial flow pattern (namely, the formulation
presented in 4.2 and 5.2.)

Case 3: effect of the permeability variation in the damaged
zone is considered; therefore, in a cylindrical zone with an
external radius r,, the analysis is carried out on the basis of the
formulation presented in 5.2 and Appendix A.1.

Case 4: effect of the elasticity modulus variation in the
damaged zone is considered; therefore, in a cylindrical zone with
an external radius r,, the analysis is carried out based on the
formulation presented in Appendix A.2.

Case 5: effect of the permeability and elasticity modulus
variations in the damaged zone is considered; therefore, in a
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cylindrical zone with an external radius ,, the analysis is carried
out based on the formulation presented in Appendix A.3.

Case 5 (by numerical method): FLAC V.4 program (Itasca
Consulting Group, 1997), as a Finite Difference Method (FDM),
was selected for numerical analysis. In the problem of an
underwater pressure tunnel, seepage flow will be developed in a
wide zone. In this case, the free ground surface is considered at
the groundwater table (4,=#4,=20 m). The numerical model
encompasses a large area around the tunnel (200 m through the
tunnel springline and the tunnel floor), in order to avoid any
influence of the model boundaries on the results of analysis. In
addition, as the lining is permeable and seepage flow is
developed through it, the lining must be considered as a separate
zone with a much finer mesh. This increases the required
runtime for the numerical program. A finer mesh is created in the
region adjacent to the tunnel surface, and a coarse grid extends
away from the tunnel region. The fine-mesh region extends from
-20.0 m to +20.0 m in the x-direction and from -20.0 m to +20.0
m in the y-direction. The induced stresses and pore water
pressure are fixed to zero at the boundaries of the model. The
initial gravitational water head is reduced. Finally, the induced
internal pressure is applied to the internal surface of the lining.

The stress distribution in the surrounding rock mass calculated
for different cases are plotted in Fig. 10. As can be seen, there is
good agreement between the analytical solution and the
FLAC2D solution for case 5. Fig. 10 also shows a decrease in
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Fig. 10. Distributions of the Induced Radial and Circumferential
Stresses Obtained Based on Different Cases Around the
Tunnel (Data set 3, H; = 50 m, h; = 20 m): (a) Radial
Stress, (b) Circumferential Stress
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both radial and circumferential effective stresses with a decrease
of the stiffness parameter in the damaged zone. In this case, a
higher tensile radial effective stress will be applied at the
boundary of the opening. Therefore, the loads transferred to the
lining will increase. This can only occur when the induced
tensile stresses between the lining and the rock mass doesn’t
exceed the boundary tensile strength, which rarely occurs in
practice unless the liner—rock connection is specifically designed
to sustain tension; otherwise, the rock will detach from the liner.

On the other hand, in most areas of the rock mass stresses
increase with increasing the permeability of the damaged zone,
which can increase the hydrojacking and hydrofracturing
potentials in the rock mass. In this respect, the radial distance at
which the maximum radial tensile stress is developed transfers to
r, and the magnitude of the maximum stress increases.

The circumferential tensile stresses at the inner surface of the
lining o, for cases 1, 2, 3, 4, and 5 are -0.784 MPa, -0.784
MPa, -0.783 MPa, -0.995 MPa, -0.993 MPa, respectively.

The danger of excessive seepage flow, which in most cases
depend upon the hydrojacking and hydrofracturing phenomena,
may be the most important issue in evaluating the stability of
pressure tunnels. For the cases with the increased permeability in
the damaged zone, the evaluated seepage flow rate is equal to
1.32 times greater than that for the cases with constant
permeability, which seems to be insignificant.

It is observed that, the results of cases 1 are close to those for
case 2; thus, the effect of assuming the radial flow pattern in the
damaged zone is found to be insignificant. On the other hand,
utilizing the other models will lead to different results. Therefore,
when a damaged zone is developed around the tunnel its effect
cannot be neglected. However, the effect of the permeability
variation in the damaged zone on the induced stresses in the
lining seems to be negligible.

It is observed that, the permeability and stiffness of the
damaged zone are the most important parameters. However,
measurement of these parameters is difficult, especially in the
early design of tunnels. Hence, incorporating the damaged zone
in the early design stage of pressure tunnels is often neglected.
One of the main advantages of the proposed solution is that, in
contrast to standard FDM or FEM-based codes, it permits
performing parametric studies more conveniently. Parametric
studies are usually very recommendable in such cases where a
certain deal of uncertainties are always expected. This kind of
analysis is very helpful for controlling uncertainties encountered
in the quantification of the damaged zone.

In this way, Figs. 11 illustrates the effect of the minimum

.. . E,,
elasticity modulus ratio -—z,i—) of the damaged zone at the tunnel

»

periphery on the maximum tensile effective stresses in the lining
for different radii of the damaged zone. As illustrated, this value
is effective in the stability of the pressure tunnel. Cases 4 has
been used for this purpose. These results, which can be useful
from a practical design consideration, are obtained with a simple
code in a fast and easy way, whereas obtaining the same
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information by means of a standard numerical code, i.e., FLAC-
2D, would take much longer.

9. Conclusions

In this paper, based on a generalized effective stress law, a
closed-form analytical solution was introduced, for approximation
of seepage induced stresses and strains around a circular lined
pressure tunnel excavated below a horizontal groundwater table.
In this solution, elastic responses for the lining and the rock mass
are assumed.

Admittedly, the utilized simplifications are limitations of the
proposed solution, since, in most cases, are not realistic.
However, this kind of solution is still valuable which provide
the means to quickly obtain estimates of the induced stresses
and displacements; and can be used for the preliminary
design of tunnels or as a first step for more elaborate
numerical models.

The solution accounts for the hydraulic and mechanical
boundary pressures between the lining, the altered rock mass
(damaged or grouted zone) and the unaltered surrounding rock
mass, as a result of seepage forces. It is relatively simple, easy to
use, and clearly indicates the sensitivity of the chosen solution
through a range of various the grounds and lining parameters.

This solution was compared with the more simplified solutions.
It was shown that, the proposed solution provides more accurate
results, in contrast to the more simplified solutions (the Lame’s
solution and the radial-flow-based solution) by considering the
variation of the seepage body forces through the different
directions. The results clearly show that the groundwater flow
has a significant effect on the stresses and strains in all zones. It
is concluded that, the approximations made in derivation of the
closed-form solution have insignificant effects on the results in
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most cases; therefore, it can be used for the design of pervious
pressure tunnels, safely.

Notations

E= Elastic modulus
F,=Induced radial seepage body forces
F = Induced circumferential seepage body forces
H= Final internal head at the internal radius of the
lining
hy= Depth of the tunnel from ground surface
h= Depth of the tunnel from groundwater surface
K= Bulk modulus of matrix material
K= Bulk modulus of solid material.
P= Final internal pore-pressure at internal radius of
the lining
p.—= Induced pore-water pressure
r= Radial distance from the center of the tunnel
r= Internal radius of the lining
r,= External radius of the lining
1= External radius of the altered zone
u,= Induced radial displacement
(x,y)= Cartesian coordinates
= Biot-Willis coupling poroelastic constant
&= Induced circumferential strain
&= Induced radial strain
%= Water specific gravity
1= Poisson’s ratio
6= Angle measured clockwise from the horizontal
direction
o’ = Induced Terzaghi effective stress
o” = Induced Biot effective stress
o~ Induced circumferential stress
o= Induced radial stress
0y= Induced shear stress in plane &r
o,= Active prestressing pressure
o,= Passive prestressing pressure
Subscript c= Refers to quantities corresponding to the concrete
lining
Subscript r= Refers to quantities corresponding to the unaltered
rock mass
Superscript BU=Refers to the quantities induced by the boundary
pressures
Superscript SE= Refers to the quantities induced by the seepage
forces
Superscript PR=Refers to the quantities induced by the prestressing
pressures
Subscript (r)= Refers to quantities corresponding to the radius 7.
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Appendix. Analysis of Thick-walled Cylinder with
Varied Properties

Varied Permeability

In order to consider the effect of the varied permeability in the
altered zone, it can be assumed that &, varies linearly with radius

from k,, atr,to k., atr,as:
koo = ar+b (56)
—ky(r,)
L('
= 57)
_ kx(rk,)rfszg('},)ro (58)

ry—r,

In this case, the induced pore pressure in the altered zone is
calculated from an analytical integration of the pore pressure
increments obtained from Darcy’s equation as:

r(ar,+b)
r,(ar+b)

_ %4l

Pwio = 2 7b +Puiry 59

The seepage flow rate q is calculated from the continuity
condition as:

i }/whl 1
q=22 (60)
Yo 1 r,(ar,+b)
kCIOg(r) 10g(c)+ 1 ——ﬁ-——(ar T

Solving the differential Eq. (13) considering the pore pressure
variation (Eq. 59), gives the induced circumferential strain &, ,
and the induced radial strain &, as follows:

3 R
gf)ir) =0y +_2C12
r
2log(ar+b)(a’r’-b) (61)
ﬂg}/wq(l -2 Vg)(l + Vg)( 59 5
1 —2a’r’log(r)+3b"+2abr
Y 8L (1- vg)azbr2

SE _ 1
Ew = i *“zc'lz
7

(ar+b)( 22 g"’*b—zb 1og(a+b))

ﬁgywq(l 72 Vg)(l + Vg)
+5ab’r+3b°

87E(1-v,)a’br’(ar+Db)
(62)

where C{, and C', are integration constants, and are obtained

C=
abo(l-2v, )r, -1,)

29250‘"’:1":@1”»‘&,,}& _p“‘{r‘,]r:]
ar, +b
lo £
g) g[arg+b}
ar, +b 3 3 ar, +b
+Qr, a" log) ——
rx T'ﬂ

r
2.2 2 g
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(+v II 2v ]
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(63)

) ~ovp, (1

-Qrld’ log[

—20r} log[arx + bIbz(l —-2v)+ rfaz)

+ ZQJF2 log(ar, +JbXb2 1- 2V + rla ]
—bQ( 2v Xr - XBb(r +r )+ 2ar,r, x)
+4a’ bro Te ( _ﬁs Il - sxpwr,] = Py ]

(64)

, (]+v}
Cl: {_V }Izb(z 2

,,;1
[

o Lia (65)

Varied Elasticity Modulus

The same procedure can be used for deriving the induced
stresses and strains, when elasticity modulus is variable in the
altered zone. In order to consider the effect of variable elasticity
modulus within the altered zone, it can be assumed that £, varies

linearly with radius from E , atr,to E,, atryas:
E = ayr+b, (66)
ap = g(r) — e, (67)
ro—r,
b = Eg(re)rg_Eg("a)ro (68)
0 re—r,

For this case, solving the differential Eq. (13), gives the
induced circumferential strain &y, , and the induced radial strain
&, as follows:

5.9(() =Gy sz

log(a,r + b, \aZr® — b}
fgx [Ph'{r y ph'(rojll - ZVg ll + Vg) g( ° e DJ (69)
¢ )+aob ¥

- anzr2 log[r

2]0g[ ](I—V Yalb,r®

=Cu- Céz

!(r

ayr’ log[ a7 +by )
.

+b2 log(ay,r +b, )—ay,b,r

2]0g[r ](l v )aur b,

B (P,..{,x, _Pw{r.,)ll —2v, kl""’g} (70)

41 ySE _ . . .
frorqr; the boundary conditions ", = (1-BJpue, and e C%, and C%, are integration constants and obtained from
ey = (1=BIPuc as follows: the boundary conditions at radii r, and 7;:
Vol. 20, No. 7/ November 2016 —2653 -



Mohammad Reza Zareifard and Ahmad Fahimifar

Cy=

aabogn(l_2vs Irg _rn)
+ 2'f’oz'bo{l Ve II =B, Xpw:r,f: E) _P-{r,:’:‘g(ﬁ]]

~0ul1-20 oo 20|

(1+v,Ji-2v,)

2E[r.)ELr,][] Vg }1‘3 b (": - ) ar, +b,
a,r, +h
-Qyrla; Iog{—° i “]
e
+Q,rla; lﬂg[—a" ALY ]
r, J
(71)
rgraanann(l -2v, I’} - rﬂ) A
2.2 32 r,
+Oyr 1 ay B, log =
rﬂ

- Q,)J"n2 ng(ﬂ'f’x +b, Xb; (] - 2!«:,= )+ r:a; )

+ Qorg3 log(aro +b, Xbo (I -2, )+ r:ag)

+ 4‘70250’”:"; (] -5, Il Ve Xpw‘] P l’..i)
4

(72)

Cn B ZEfr.JE["; J{l Ve }ngﬂ [rg: - rUZJ

And:

_BndEe By
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(73)
In this case, the induced strains corresponding to the boundary
pressures can be obtained by solving Eq. (13) considering the

e BU BU .
boundary conditions o”y., = o7, and o'y, = o)t
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BU (1 +V ] ?';E{,”)o':[,x)[[l - 2Vg }'2 = "02] (74)

£, =

T o [ (FEN S

And:

e N
P02 (2, 47

Varied Permeability and Elasticity Modulus

If both permeability and elasticity modulus have linear
variations in the altered zone, the induced radial displacement
corresponding to the seepage forces u,,, can be obtained
as:

r l r
uff,] =Cyr +;C32
log(ayr +b, aZr*ab - ab?)
ﬁgywq(l - 2Vgl] +v ) - log(aur +b, Xazrzaobn —bzbozao)

+a*ayrt(a,h—bya)log(r)
4n(1-v,)aa,bb, (a,b—bya)r

(76)

+

The integration constants C’%,, and C% , and the induced
strains for this case can be derived by using the same procedure
as presented in the previous sections.

Finally, using Egs. (11) and (12) gives the values of the induced
stresses corresponding to the seepage forces ¢, and oy, . In
this case, the induced strains corresponding to the boundary
pressures are obtained from Egs. (74) and (75).

KSCE Journal of Civil Engineering




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


