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xOW xDiQo Q_v QO R = 150 m u=} QH Q}F-=D `=aW '|a=aW u=} QH |wor=

"CU=
Ctw=kt Q=}at |=yQDt=Q=B =@ ?wN ,=@} QkD C}i}m =@ nvU |q w nvU po
mr = 0 2 w sr = 0 0001 'mi = 0 65 'si = 0 002 '�c = 40 MPa

GPa pt=W uw=Q@ w lwy |Q=DiQ pOt |=yQDt=Q=B "OQ=O OwHw jta u}= QO
QO "CU= h = 3 0 w f = 1 2 '� = 3 5 '� = 0 2 'E = 20
u}= QO xOWxO=iDU= |Q=DiQ pOt |=yQDt=Q=B 'OwW s=Hv= |R=Ux}@W xm|DQwY
h = uDiQoQ_vQO =@ "Ov};|t CUOx@ KQW u}= x@ 1 pmW x@ xHwD =@ Q=DWwv
|x}L=v pw] xmCU= |QDt=Q=B �� � = "residual1

"peak1
w f = 1+sin 	r1�sin 	r

' 1+sin 	i1�sin 	i

?}W ?}DQDx@ f w h w OyO|t u=Wv =Q |Q@ w uw=Q@ pOt QO VvQm |oOvwWsQv
"p3 '"residual1 '"peak1 Ov=tUB w VvQm |oOvwWsQv |L=wv QO "p1 x@ C@Uv "p3
'Ov=tUB |x]kv QO QDnQR@ VvQm 'l}B |x]kv QO QDoQR@ VvQm ?}DQDx@ "p1 w
'	i = 300 Q}O=kt '�OvDUy |Q}tN QDnQR@ VvQm w '|Q}tN QDlJwm VvQm
xOW xO=iDU= Q=DWwv u}= QO |Q=DiQ pOt |=Q@ 
p� = 0 041 w 	r = 5 220

"CU=
xO=iDU= VwQ wO Qy |=Q@ � = �w = 105 u=Um}?U=vDC@=F R= p=Ft u}= QO

"�45 w 44 |=yx]@=Q x@ xHwD =@� CU= xOW
Ctw=kt r0 = 3 0 m|HQ=N w ri = 2 75 m|rN=O `=aW =@|vD@VWwB
Ec = 25 MPa u=UWm |=yC@=F w �cc = 35 MPa |QwLtlD |Q=Wi
m/s x}rw= nvU Ovv=t u; |Q}PBPwiv "CU= xOW ?Yv �c = 0 25 w
?Yv R= p@k nvU |xOwD R=Ht |}=Qosy xwqax@ "CU= kc = k0r = 10�6

|Pivt ?; Q=Wi w =yVvD `} RwD 7 w 6 |=ypmW "CU= 0 1434 m VWwB
u}tR |}=Qosy |vLvt R}v 8 pmW "OyO|t u=Wv =Q VwQ 2 R= pY=L pvwD uwt=Q}B

"OyO|t u=Wv 'CU=xOt; CUOx@ jwi pOt 2 R= xm =Q
|=Q@ w QF-wt w pm VvmQOv= Q=Wi |=y|vLvt |xOWx�=Q= pOt |=Q@ 8 pmW QO
OwW|t xOy=Wt "CU= xOW xO=O u=Wv pm VvmQOv= Q=Wi |vLvt |Q@ w uw=Q@ VwQ
w uw=Q@ VwQ R= xOt; CUOx@ |=ypmWQ}}eD 'XNWt |rN=O Q=Wi l} |=Q@ xm
xm CW=O xHwD O}=@ "OvDUy xOWx�=Q= VwQ R= pY=L |=ypmWQ}}eD R= QDnQR@ |Q@

"pvwD uwt=Q}B |Pivt ?; Q=Wi w |a=aW VvD `} RwD "6 pmW

"C=@U=Lt CQ=Jwri "5 pmW

"OvwW|t Q=QmD ,=@ w=vDt 'OUQ@ sRq |}=Qosy x@ p}rLD xm |Dkw =D 5 =D 2 pL=Qt "5
"OvwW|t x@U=Lt u=UWm |x}L=v QO =yVvQm w =yVvD s=Hv=QU "6

Q=Wi u}@ |x]@=Q =} pvwD uwt=Q}B nvU |xOwD |=Q@ u}tR |}=Qosy |vLvt
jwi p}rLD G}=Dv R= u=wD|t R}v =Q ur(r0) |a=aW |}=Qosy w �0r(r0) pvwD |rN=O
s�=k C=YDNt |=Q=O |}=Qosy |vLvt |wQ \=kv Qw_vt u}= |=Q@ "OQw; CUOx@

"OvDUy |ki= ur(r0) = "�(r)r0 w �0r(r0) = �0r(r)

=yp=Ft w |}xv=}=Q |xt=vQ@ "6
u}= R= "CU= xOW xDWwv xOWx�=Q= pLx=Q T=U= Q@ uQDQi u=@ R x@ |}xv=}=Q |xt=vQ@
xO=iDU= xOWx�=Q= VwQ |=yC}r@=k |UQQ@ w pvwD xvwtv u}OvJ p}rLD |=Q@ xt=vQ@

"CU= xOW

[1]|Q@ w uw=Q@ VwQ =@ xU}=kt "1"6
C=@U=Lt CkO V}=Ri= CyH QO |Q@ w uw=Q@ VwQ =@ xOWx�=Q= VwQ |=yCw=iD
xO=iDU= =@ pvwD l} p=Ft u}= QO "CU= xOW xO=O K}[wD 4 VN@ w xtOkt QO
|=yxO=O "OvwW|t xU}=kt G}=Dv w p}rLD [1]|Q@ w uw=Q@ VwQ w xOWx�=Q= VwQ R=
pOt uwJ p=L Qy x@ "Ov=xOW ?=NDv= [1]|Q@ w uwQ@ |xr=kt R= pvwD wO |=Q@ |OwQw
xHwD =@� OQ=O Cw=iD |Q@ w uw=Q@ |Q=DiQ pOt =@ Q=DWwv u}= QO xOWxO=iDU= |Q=DiQ
QO =yv; R= u=wD@ =D OvwW|t |R=Ux}@W \w@ Qt |Q=DiQ pOt |=yxO=O �1 pmW x@

"OQm xO=iDU= pOt
pm l}D=DUwQO}y VvD =@ nvU |xOwD QO r0 = 3 0 m `=aW =@ |rvwD
?; K]U R= pvwD jta xwqa x@ "OwW|t QiL p0 = 27 MPa x}rw=
QO QF-wt l}D=DUwQO}y VvD u}=Q@=v@ "CU= h1 = 300 m |v}tRQ} R
R= jta u; QO ?; Q=Wi uOQmsm R= xm CU= p00 = 24 6 MPa pvwD jta
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"""Q_
vQO

=@|
v}tR

Q}R
?;

K]
UQ

}R|
=yp

vwDp
}rLD"xOWx�=Q= VwQ w [1]|Q@ w uw=Q@ VwQ wO R= pY=L G}=Dv |xU}=kt "1 pwOH

|Q@ w uw=Q@ VwQ xOW x�=Q= VwQ p}rLD G}=Dv
1 98 %pm VvD 1 79 %pm VvD 1 73 %QF-wt VvD �r(r0)inMPa

16 73 17 00 15 66 �r(re)inMPa

24 84 22 42 ��(ri)inMPa

145 9 146 27 ur(r0)inmm

16 02 11 92 Rpinm

10 146 7 41 Rrinm

505 427 q in cm3=s

|OOa VwQ =@ xU}=kt "2"6
|x}L=v QO |a=aW u=} QH uDiQoQ_vQO Ovv=t xOvvmxO=U |D=}[Qi xOWx�=Q= VwQ QO
xO=iDU= '�x}L=v u}= QO pmW|}xQ}=O Oy sy \w]N uDiQoQ_vQO =@ pO=at� xDUmW
xv=o =OH CQwYx@ |m}rwQO}y w |m}v=mt |=yp}rLD s=Hv= w |QwLt uQ=kDt pOt R=
"Ovvm O=H}= |}=y=]N p}rLD G}=Dv QO CU= umtt xm CU= xOW xDiQo Q_v QO
|xt=vQ@ l} |xrRvtx@ \FLAC"[25] |xt=vQ@ R= C=}[Qi u}= C=Q}F-=D |UQQ@ |=Q@
C=YNWt =@ |Y=N pvwD =Pr 'CU= xOW xO=iDU= �FDM� OwOLt p[=iD |OOa

%CU= xOW ?=NDv= Q} R |m}rwQO}y w |m}v=mt '|UOvy
ri = 2 7 m; r0 = 3 0 m; p0 = 10 0MPa;

mi = 0 5; si = 0 002; mr = 0 1; sr = 0 0001;
�c = 40 MPa; E = 15 GPa; v = 0 2;

P� = 0 0035; 	i = 30�; 	r = 5 22�;
kc = 10�6; k0r = 10�7 m=s; �w = 105; h1 = 19 m;

�cc = 35 MPa; Ec = 20 GPa; vc = 0 25;
�ua = 0 01m

xOQDUo |}x}L=v QO Vw=QD w CU= Q}PBPwiv VWwB uwJ |OOa p}rLD OQwt QO
=RHt |x}L=v l} O}=@ VWwB wU l} R= 'u}=Q@=v@ &OQ}o|t pmW pvwD uwt=Q}B
|x}L=v Qo}O |wU R= w 'OwW xDiQo Q_v QO QDR} Q |r}N x}L=v u}= |Ov@ Vt w
^=Lr pOt |xUOvy QO O}=@ �h1 Q@=Q@ 3 =D 2� pvwD uwt=Q}B nvU |xOwD R= |oQR@

"OwW
xOW s=Hv= Q_vOQwt pvwD |=Q@ |m}v=mtwQO}y pt=m pB wm =@ |OOa p}rLD
pvwD CQw=Ht QO �QDt|Dv=U 30 |xv}tm O=a@= =@� QDR} Q Vt 'pOt u}= QO "CU=
Q=O}=B G}=Dv Cr=L u}= QO "Ov=xOW ?=NDv= pvwD R= QDQwO \=kv QO QDCWQO Vt w
|oN=W wO 'OwW xO=iDU= |QDR} Q Vt Qo = p=L Qy x@ "OwW|t pY=L uQ=kDt w
x}rw= |=yVvD '|OOa pOt QO [18w17]"OvyO |wQ CU= umtt |a[wt VvQm w
w |@v=H |=yRQt '|v}tRQ} R ?; K]U QO |Pivt ?; Q=Wi w pOt |=yRQt QO
x@ x}rw= |Pivt ?; Q=Wi w VvD u=O}t |Q=iL R= p@k "Ov=xOW C@=F |v=DLD RQt
"OUQ|t x}rw= u=UWm pO=aD x@ nvU |xOwD w OwW|t OQ=w |ovU |x}L=v s=tD
?Yv VWwB 'VWwB uwO@ �ua = 0 01 m x}rw= |}=Qosy p=ta= R= TB

"OwW|t
|=Q@ w CU= Q}oCkw COWx@ x@U=Lt Ov}=Qi |OOa VwQ QO OwHw u}= =@

"OwW s=Hv= |O=} R |=ys=o CU= sRq 'G}=Dv |}=Qosy

"pvwD uwt=Q}B |Pivt ?; Q=Wi w |U=tt VvD `} RwD "7 pmW

"u}tR |}=Qosy |=y|vLvt |xU}=kt "8 pmW

\w@ Qt Q=Owtv 'pmW u}= QO "OvDUy pm VvD T=U=Q@ C=@U=Lt 'xOWx�=Q= VwQ QO
R}v p0 = 24 6 MPa l}D=DUwQO}y Q=Wi =@ lWN \}Lt QO xOWQiL pvwD x@
|=yVvQm uDiQovQ_vQO p}rO x@ xm OwW|t xOy=Wt pmW u}= QO "CU= xOW sUQ
QDtm |Q@ w uw=Q@ VwQ R= pY=L |=ypmWQ}}eD |xDUmW |x}L=v QO u=UWm
V}=Ri= Ea=@ Vw=QD |wQ}v xm OwW|t xOy=Wt u}vJty "OvDUy j}kO Q}O=kt R=
wO R= xOt; CUOx@ p}rLD G}=Dv R= |}xU}=kt R}v 1 pwOH QO "OwW|t pvwD |}=Qosy

"CU= xOW xO=O u=Wv jwi VwQ
|x}L=v QO u=UWm |=yVvQm R= Q_vhQY p}rOx@ xm OwW|t xOy=Wt
`=aW w pvwD uwt=Q}B |=yVvD |x@U=Lt QO |Q@ w uw=Q@ VwQ [16] |Q}tN
xDUmW |x}L=v `=aW w CUwQ@ wQ pmWt =@ Ov=tUB `=aW w xDUmW |x}L=v
QO 'Qo}O |wU R= [1]"OyO|t CUOx@ =Q j}kO Q=Okt R= QDW}@ Ov=tUB `=aW w
|v}tRQ} R ?; K]U R= j}ta |=ypvwD |=Q@ \ki Vw=QD MQv |Q@ w uw=Q@ VwQ
|oDU@ |@=NDv= Vw=QD MQv `=aW x@ ,=O}OW Q=Okt u}= w 'CU= xO=iDU= p@=k

"OQ=O
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= V}=tv VwQ 2 R= xOt; CUOx@ |ki= O=ODt= QO |Pivt ?; Q=Wi `} RwD w �|}=Qosy w
VWwB VvmQOv= Q=Wi w |}=yv |}=Qosy R}v |}=Qosy |vLvt sUQ |=Q@ "Ov=xOW xO=O

"Ov=xOW x@U=Lt hrDNt |x}rw= |=y|}=Qosy QO nvU |xOwD�
VwQ x@ xOWx�=Q= VwQ |m}rwQO}y w |m}v=mt G}=Dv xm OQm xOy=Wt u=wD|t
u}t-=D OQ=wt u}= xm |DQwY QO xOWx�=Q= VwQ xm Cio u=wD|t "Ov=l}ORv |OOa

%CW=O Oy=wN |@U=vt G}=Dv 'OwW
,=OwOL� OW=@ lJwm |k]vt OL =D Rph1 C@Uv |m}rwQO}y p}rLD OQwt QO "1
|}xQ}=O ,=twta xDUmW |x}L=v QO Oysy \w]N `k=w QO uwJ � 1

3 R= QDmJwm
"�xDUmW |x}L=v QO |a=aW u=} QH ZQi =@ \=@DQ= QO� OvDU}v pmW

OW=@v QDtm |r}N |v}tRQ} R ?; K]U R= pvwD jta '|m}v=mt p}rLD OQwt QO "2
QO |Pivt ?; Q=Wi `} RwD ,=twta uwJ "�pvwD `=aW Q@=Q@ 10 =D 5 smCUO�
|=ypvwD OQwt QO p=L Qy x@ "CU}v u=Um} pvwD uwt=Q}B hrDNt |=yO=ODt=
p}rLD QO |Pivt ?; Q=Wi w Vw=QD QF= '|v}tRQ} R ?; K]U R= sm jta =@
=@ |=ypvwD |xOwOLt QO xOWx�=Q= p}rLD VwQ u}=Q@=v@ "CU= R}J=v |m}v=mt
"CU= xO=iDU= p@=k |v}tRQ} R ?; K]U R= O=} R jta =@ |=ypvwD =D sm jta

|x}L=v QO |a=aW u=} QH ZQi � 1
2 R= QDoQR@� nQR@ |=yC@Uv QO p=L Qy x@

=@ "OwW|t |m}rwQO}y w |m}v=mt |=yp}rLD QO |R}J=v |=]N x@ QHvt xDUmW
O=H}= |rw@kp@=kQ}e |=]N Vw=QD MQv |x@U=Lt QO CU= umtt Rp

h1 uOWQDoQR@
"OwW

VvQm x@ xDU@=w |Q}PBPwiv QF= "3"6
w |m}v=mt p}rLD G}=Dv QO �47 |xrO=at x@ \w@ Qt� �w QDt=Q=B QF= p=Ft u}= QO
QO xmv}= Qot 'OvDUy pw= p=Ft Ovv=t |OwQw |=yxO=O "OwW|t |UQQ@ |m}rwQO}y
C=Q}}eD Q=Owtv "OW=@ h1 = 50 m |v}tRQ} R ?; K]U R= pvwD jta Cr=L u}=
u}= "CU= xOW xO=O V}=tv 11 pmW QO QDt=Q=B u}= C=Q}}eD ?ULQ@ Vw=QD MQv
w qmax = 143 cm3=s |v=kwi OL l} Vw=QD MQv xm OyO|t u=Wv Q=Owtv
u}@ Cq=L |x}rm QO Vw=QD Q}O=kt w OQ=O qmin = 88 cm3/s |v=DLD OL l}
R}J=v |m}v=mt p}rLD G}=Dv QO �w QF= 'Qo}O |wU R= "OvQ}o|t Q=Qk Q=Okt wO u}=
CiQo xH}Dv u=wD|t 'OwW xO=iDU= xOWx�=Q= VwQ R= xm|DQwY QO p=Ft |=Q@ "CU=
� = 0 QO �0r(r0) = 1 33 MPa R= nvU |xOwD� VWwB VvmQOv= Q=Wi xm
\ki |Dkw 'xH}Dv QO "Ovm|t Q}}eD � > 1010 QO �0r(r0) = 1 25 MPa =D
p@=k VvQm x@ xDU@=w |Q}PBPwiv ZQi 'OvDUy sRq hQY |m}v=mt p}rLD G}=Dv

"CU= |WwBsWJ

|Q}oxH}Dv "7
|v}tRQ} R ?;K]U Q} R |=ypvwD |x@U=Lt |=Q@ xDU@ Q}e |OOa�|r}rLD VwQl}
Ctw=kt Q=}at wVvQm|oOvwWsQv =@ |Q}tNu=UWm Q=DiQ =@nvU|xOwD QO xOWQiL�
QO "CU= xO=iDU= p@=k =ypvwD u}= |L=Q] QO xm 'CU= xOW x�=Q= �uw=Q@ w lwy
|OOa CQwYx@ pvwD uwt=Q}B xDUmW |x}L=v Q@ sm =L CqO=at 'xOWx�=Q= VwQ
p=Ft OvJ "CU= xOW pL |r}rLD CQwYx@ u=UWm |x}L=v Q@ sm =L CqO=at w
VwQ G}=Dv =@ p}rLD G}=Dv "CU= xOW x�=Q= VwQ u}= C}r@=k uOQm XNWt |=Q@
xrtH R= Qo}O |=yVwQ =@ xU}=kt QO xm OW xO=O u=Wv w xU}=kt [1]|Q@ w uw=Q@
xm OvO=O u=Wv p}rLD G}=Dv "OQ=O |QDq=@ |}=Q=m xOWx�=Q= VwQ '|Q@ w uw=Q@ VwQ

`=aW pvwD u}= OQwt QO "OwW|t p}rLD VwQ 2 R= xO=iDU= =@ Q_vOQwt pvwD
C@Uv u}=Q@=v@ 'CU= QDt 6 38 xOWx�=Q= p}rLD R= xOt; CUOx@ |xDUmW |x}L=v
|x}L=v |oOQDUo |OOa p}rLD QO 'Qo}O |wU R= "CU}v lJwm |r}N Rp

h1 � 1
3

QDt 6 40 w 6 36 '6 39 ?}DQDx@ pvwD hm w xQ=w}O 'G=D |=yO=ODt= QO xDUmW
pvwD |rN=O Q=Wi |x]@=Q� u}tR |}=Qosy |=y|vLvt 10 w 9 |=ypmW QO "CU=

=@ xOWx�=Q= VwQ R= xOt; CUOx@ u}tR |}=Qosy |=y|vLvt |xU}=kt "9 pmW
"|ki= O=ODt= QO |OOa VwQ

VwQ =@ xOWx�=Q= VwQ R= xOt;CUOx@ pvwD |Pivt Q=Wi `} RwD |xU}=kt "10 pmW
"|ki= O=ODt= QO |OOa

"pvwD pN=O x@ Vw=QD MQv Q@ �w QF= "11 pmW
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}R|
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vwDp
}rLDZQi QF= xm OW XNWt u}vJty "OwW|t pY=L |rw@k p@=k G}=Dv 'OW=@ lJwm

QO VvQm w VvD ,qFt� hQY |m}v=mt p}rLD G}=Dv QO VvQm x@ xDU@=w |Q}PBPwiv
pt=W |m}rwQO}y C=@U=Lt |=Q@ p=L Qy x@ "CU= R}J=v �nvU |xOwD w VWwB

"CU= sRq VvQm x@ xDU@=w |Q}PBPwiv uDiQoQ_vQO '|Pivt ?; Q=Wi w Vw=QD

V}=Ri= Ea=@ �QF-wt VvD V}=Ri= =@� pN=O x@ wQ |tHL Q=@ l} CQwYx@ Vw=QD
p}rLD QO O}=@ w OwW|t |Q=O}=BVy=mEa=@ xH}Dv QO w pvwD uwt=Q}B |=ypmWQ}}eD

"OwW xDiQo Q_v QO
|k]vt u=R}t x@ Rph1 C@Uv Qo = xm O=O u=Wv |OOa p}rLD G}=Dv =@ xU}=kt

=yCWwv=B
1. bifurcation
2. strain localization
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Abstract
Tunnels below a groundwater table can be either sealed
or drained. Sealed tunnels do not in
uence the ground-
water regime; however, the lining has to undertake the
full water pressure. On the other hand, in a drained
tunnel, a seepage 
ow will be developed. The seepage

ow and pore water pressure developed around the tun-
nels a�ect the responses of the lining and of the rock
mass, signi�cantly. Thus, the design of underwater tun-
nels must be based on a powerful analysis, in which the
hydro-mechanical aspects are taken into account. In a
tunnel with permeable lining, the induced seepage forces
can be the most important issue in the design and con-
struction of the tunnel. In this condition, the applied
inward seepage body forces are generated by pore-water
pressure gradients, which are dependent on rock-mass
permeability. On the other hand, the permeability of
the fractured plastic zone around the tunnel depends
upon deformations induced by excavation and applied
seepage forces (strain-dependent permeability). A theo-
retical solution is proposed, in this paper, for analysis of
underwater tunnels, excavated in an elasto-plasti, strain-
softening and Hoek Brown rock material, considering
strain-dependant permeability. The problem is consid-
ered under axial symmetric conditions; thus, the initial
stress state is assumed to be hydrostatic. For the plas-
tic zone, as the derived analytical equations do not have
closed form solutions, a computer program has been pre-
pared for solving the corresponding equations numeri-
cally and examining the analysis. On the other hand,
the governing equations for the elastic zone are solved,
analytically. The results obtained with the analytical
solution are compared with results obtained with the
hydro-mechanical option in a commercial �nite di�er-
ence code. The proposed solution is also used to obtain

results and explain the behavior of the tunnel under dif-
ferent hydro-mechanical conditions, when the ground is
assumed to behave elasto-plastically. The results show
that when a pervious lining is used or a drainage system
is employed for the tunnel, the e�ects of seepage 
ow and
pore water pressure must be taken into account. Appli-
cation of the proposed method to several tunnel prob-
lems showed that in the case of drained tunnels, seepage

ow causes the in situ e�ective stress to increase (i.e. a
decrease in stability). Furthermore, it is shown that the

152

state of stress and the seepage forces must be considered
as dependent parameters, because of the remarkable per-
meability variations induced by the development of the
plastic zone around the tunnel. elasto-plastic

Key Words: tunnel, analytical-numerical solution, seep-
age, strain-dependant permeability.


