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Damage-Seepage Coupling Mechanism and its
Application in Submarine Karst Tunnel
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Abstract ; This paper analysis the stability of submarine karst tunnel under multiple field coupling
rock elastoplastic damage-seepage coupling model based on Hoek-Brown criterion is established
according to elastic-plastic mechanics ,continuum damage mechanics and evolution equation of per-
meability coefficient. The numerical integration algorithm is implemented on ABAQUS. Finally,
the coupling model is applied to karst undersea tunnel on Dalian metro line. The results show that .
the surface subsidence curve is obviously different on both sides of excavation face,the maximum
settlement value is increasing as sea water pressure increase slightly; the displacement value on
earth surface and surrounding rock,and maximum principal stress in lining is change dramatically.
As the filling water pressure loading ,the damage value and damage zone increasing. The permea-
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bility coefficient increases by orders which forms a water channel inducing water and mud inrush.

The results has theoretical guiding for tunnel monitoring and prevention for water and mud inrush.

Key words: Hoek-Brown criterion ; damage-seepage coupling model ; undersea karst tunnel; filling

water pressure ; water channel

Bifi o At T RS AR K R T e T T
THT I 170 1SS P A 8 i R A, O I A R B T
() etk AN T 3R G b B 2 B VE T A XUAE
AN R 5T AR LS i T it T RUR: . G H:
X T AR BRIE , 98K SEE s A &
T2 T R R . BT T R Y E
T FNIE )R, 2 A T R T, 25
AN S8 FA T A | TR K T2 AT Y
F1EE A T SEOK TG MK ARG HLIEL P
SRR T BEBT T T AR X T g K
UG R X B i A5 2o A5 R R4
(B3 B B Hh 1 R DX A BT T 42 B 1
AT L. B R 5 R RFPA $]
7R 1A R 0 AR b | B i 287K 3
GRMLIE. 95 A% AR S S VIR 2 7K Y 30K
HLER IR T F gl T A e, B
12800 KRR R ROPCAES IR B 1L A
BRI A S KL BRHEA T T RIS, 4 5 M 2
FEK Y F P ZE K, T A SR Y DA K T
FEIPE XL R TR A TR F2 R ] 3 1)
Xof Je L A i A 4, 400003 DX P08 3% FR AR
EWOHER B RECE G TR 5 I
T Z A ) S /K IE , Ry 987K 58 U8 K 3 1) B
B TR, B A - B A
RSl DX B 3 0 2 A8 e Y b AT o T, 48
TN X R TE K A LR o
(). 238 AR 5 52k K — 8 IX AR
JE R TE R TARAE, ey 7T X
Hoek — Brown #E U (1) 4 A 588 4405 - &
A AR L ABAQUS A4k F- 5 47—
T, S BUHAUE SR AR 3012 5 SR R i
BEAINT Z2 R0 G AT 5 B G A e )t
AT AT, BN S AR SR I — s 1 B e
WA

1 AEA LY - BiREE

i
1.1 =RBEBEHRGESKE

ST B E R A A AR A 4,
AR BE 5 B2 Y 55 4K, Lemaitre 55 2500
AR TT R, A R R S 7 A 0
FRRA RN ST, 8HE o5 5 2Z %N, B
A7 B TIFR R 44 SO T AR o 44 SURE
T HARIN K FRRIRA N

o=(1-w)o. (1)
AP :w(0 <o <1) AR RIS A1
WEIAFRE. 0 =0 RN AN A -,
w =1 FoRTEEMOIE A

TE/NVEIARB R T B A A BNE &
3R RN AR £ FISHME N AR eF Z 0, Bl

e=¢&"+&". (2)

H 25 [l [) PR T SR v i BT AR A 2800 )

oc=D(e-¢£"). (3)
D g S R EE R

FeU(3)ARAZ (1) B ar 45 2125 JE 451 4
a0 AR TR

IS4 1 1 3R AT M FE 44 SO )28
] e A B R A A A5 R A3 ] LA SE 4
SRS | SRAPRIN 18 e A AT 800 ) 2 ] vy 2
FIEBRERAFIAVE I AR &P Ak =X (3) K15
AR T o5 FE44 SN 728 [ sRAR I 1548 i
o, & (1) R4 SO H7

TEREST A A BB VE IR O BRI | AR o
SR A [) 5 B8 9 DU X S A 78 S AR AE AT Al
W, EZEFEAEN 457 T 5T Druker - Prager
(O A1 BB PR A A A A | B e g 22 4
XU 1 2 R S T BT & IE Mohr-



5 6 1]

VB RS AR B IEAR T — B R A L S 1029

Coulomb U] iy 5 38 PR3 5 170, 5 1 iRk 5
JEE UE U AH F , Hoek-Brown ( HB) ¥ I 55 fE
WE AR AR AR, DL R A5 F T N T
AR BE s e, e iz W T A
BB IR 51 5 R T AR AR e MR P4 XY .
Bl 1 AN ] AR AEE = P Ay EDE.

6=0°
Druker-prager/fENl]

Mohr—CoulombER]

\
\
\
\
\
\
\ ’
\ /
\
\
\
\ ’
\ /
A
\/
AN
VAN
’ \
’ \
/ \
’
’ \
’ \
\
U
’
/
/
/
’

Hock—brown &

——f k-

51 AFEARAENTE i L e

Fig.1 Different yield criterion in 7 plane

J7SCHB 5 B HEII A Rk 30l

a
- _ o,
0'1:0'3+0'U(mb‘+sj. (4)
O-Cl

Ko, o, WA HZS A A A IR
K F/NFER S5 0, R 5E R A A R T
JESREE s W E m, ,s,a MFIEAXN

GSI - 100
m, =mexp| oo~ | - (5)
GSI - 100
s—exp( 9-3D ) (6)

a —+—[ p( gsz) exp( )] (7

. GST AR FEFE AR, BUETE 0 ~ 100 ;m,
AR A R R B ) 22 56 2 8, BUE A
0.001 ~25.0;D h75 EIRAE N A A 52 i i 4t
SR BUEAE 0 ~ 1,0 TR ARZ IS A 1A

PR N N e I W
Em =100 000 ((17512?1)/—2651)/11) . (8)
AR 28 @%T i ) Sk

R AL, S E’J%Eﬁ%ﬁfﬂ A8k
R A FS SR T L [R] A FEE 45 Bl

P05 PSR I A R P S St ) g A O e
ARG R A A Y 0 S BT R B
Hoek-Brown A5 A1 122548 my .8 Rt %Kk b
SR AR, G R RIAATh

, -

Krn 0<n<n’;
k() = n "9

K", n=n".
ok’ B k" R 125 S V(B RN A
n " RS B BR A R BE  ) SE P B ) 0 AR
0 REAVEST YN AR | R R AR &)
s/ NFIBVERAE &8 A4S .

n=g -&f. (10)
2 I Bl I R IR R B A
AHIEDE 2L S R %L
g=0, -0, —a'c,-g(mhga-3 +sg]ag. (11)
o

cig

Ko, omy, s, a, HEESE
1.2 HERBGELAR
P AR 1 B L T BRSO ZRE, RN

S AR A0 2 A R R S B A

TR K5 |2 14, 4400475 78 s S PR RRURY 28
(¥ R KL £ R B AR O L R
R EERCIRYE N AR Y SR AL BB D RN
R ARG AR W S BUR R BOE

w:(l-ﬁ)[l-exp(—‘ij]. (12)

K PUARL0, + 0 ), BR5E T I
PR AL i Z R0 46 A5 8 BUEL N [0,1],
PUE 1A A KIGE, A IA o, B 16 T 135
s A Ze i & 2 R, NE HA] LU
SIS SNl AL Y R N ]
F18 e 2 A 475 fELSE /.

&" NN AR

2
é_3

(e, —8,,2)2 +(e, 654 )+ (&, &, )2,
(13)

;T‘K:EP:SPI \81,2 \8p3 ﬁ'%”ﬁz/\ﬁfﬂ E/‘Jﬂ‘fzﬁé’@
IV 7E.



1030 WHERKESMARBFR)

o535 3%

0" 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
#G AR,
(2) B Yo 4495 38 Pk B A B W (2 =0.01)

0" 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
HOAERE,
(b) o XTHGHEALMBRKFEM(B=0.3)
B2 s 5 O N AR SC R it 2k

Fig.2 Relationships between damage variable and e-

quivalent plastic strain
1.3 BANS - ERBEHEE

[l A = A A3 )i, 8 38 R 2 U
SR X T2 4 T R TR, A
FERL ) - B ARG Mt N SE0 7% 185 i
FA S S BAL L.

AR S8 A S WS AR 405 IX 1Y
385 2R R BR N A 1Y) R

0)(1 +e) ).

i = ko[( )(1+a) (
(14)

s ky VIR B 3 F B ny W IR FLBLEE
KM R ARG DX ARB 3 R AL

XF T4 05 DX o, B i AR B AL O
h

k=(1-w)k™+wk” (1 +&"). (15)
Pk e R E & R e N
RGP IB AR TR AR | 6™ = we? , e ¥k

3

PR
2 HREHUEE R

2.1 SEEEIHRGARERSER

TESR fif 55 98 451 0 A58 2 Ik, R SR
[16 - 17 [#2 I HHE 70 Bk, ﬂ%%ﬂé/l\ﬂ?ﬁ’q’:i;
FEI3 g SR TN SR PG TE A 512 1E =
iz

(1) Sk Fom

R T WD IS T SRR, A 1) R JL A 3 [
:UE SO PSRRI v e A ket L]

XoF [r) LR A T SR . T 510 H 20 8 I A8 1 oK i
LA TN Y 7
o™ =" + CAe. (16)

L o™ IO R JT 5 0" Sy b —Ff 80 h
(I JIE 3 C A AR R 55

B oo™ > o™ > o AR A IR R EL
(4) HHEA TR, 47 £ <0, ﬁﬁuﬁﬁj‘ﬂlﬂ:—ﬁﬁ
PR B, SR RS RN AR & 2 =0, 1)
e AIBVEAE IE BT B

(2) BPEEIE

IRVERE TR, Ry 1 3 A 2R 0 7 O 7% T
IR T, R FH 22 T ) S D X A (] e 55 S 3
I 2R A B 565 B Clausen' ™" 2 i 11 34
ST ) A3 [ AT (DL 3) AR i
AU 7 7 B4 A 5 [ e S s . QD >4 T i
IBLTFALE T B RN ) 2R fiAb ;@247
WL 757 T 7 I1 B, B8 80 W ) B 4k 1
ISR ORIk ivas & A= u || 0 IR VA e
Jer R TAT f; 5 @S F5000 7 3 5 F 57 B IV B, B8
VDAY A

TSR figt ¥ M DX FN . ) /Y Newton —
Raphson XAHSCHRTE A 45 1, 284 A HPEA.

(3) W IE

IO 3 TR 6 S K SR AT R B 1 A AR
ARK(12) B F R R o, B HE (1)
BAT 24 SON T fife. SRIB PR O A AL T AR AR
L 4.



5 6 1]

VB RS AR B IEAR T — B R A L S 1031

3 BN 7SR Hoek — Brown NI 53 i Sl 4345
Fig.3 Boundaries of the different regions of Hoek-

brown criterion in principal stress space

g 1
(%
S BEBE
.................................... z
T B
P
CE, BE
""""""""" 20N n=(1-D)on
S
0 Pl 3
e B

)
B4 SRIBPEA AR R A
Fig.4  Calculation process of elastoplastic damage

model

2.2 —HIRERERIER

N T RAIEAT BRIC T R 2 AR R AR
Ferp BA iSO, w5 24— B 4k
BRI RIA0 2,
D™ =DF —D“; ; o0 (A")ikgii(zz‘_)ﬂ.

(17)

s n O Bl 1T A5 Ae® iy BEE ) AR 4
A N n iR

_ o 0Ae”
Ay _aiak[(g_ aAN, + (o, =Dy —1)8,.]..

(18)

Hrr: 8, 7 Kronecker 5, o, BJZRIXZN
1, A)\i > 0;

o = { (19)
0, AA, =0.

’

Horp, D B IEE MR, DC = TD , T N

W ERTRE, 550
T=(1+ T2, (20)

TE N F1 75 (8] 5RAS D S5, 8 0 38 i i
BRI TS Y2 (8] 1 — B I

FIH ABAQUS f) UMAT T2 rpS2 81
b AR 45 B TR (R s AR R SR Y
PHEAE S w AT i  aC (15) R4
BEFEGBGHEN LR, BLBREBER
BOCHET-SCIN ) - BRI SR

3 LR

3.1 IIESURRAKHBREE

KIEHER 5 2 04 PRBCT AR 4 35 3 X
(i), FCH Tty ~ 1 0 Y g il R A DX T A 1
HFER YKI0 +061.992 ~ YKI2 +932. 454 Hirh
VBB KB A 2310 m. 253 FT sk iF 98 B or T
K11 +400 ~ K12 +753 Z[0], i Hb B ge i 45 nl
IR E e S R A S PN/ S =8 Y 4

B, EEAMARIEA K SRS,

KERE(12.1 m) F 2, K+ TR
T3t TR K. 5 BOK IR 9 ~ 14 m, %F
i 2 R IR 78 K R, LS IR KR 35 K
SLESIR (BRI 5 bar) i F2 m A2
AT TR T S A2 S e i R i A 2ok AR b g o R
HETWEAR JAKME. B, BB o ot
J2 N XA B 5 A b KUk =
T DX ] B A 28 2 A AR PR
K, A T RE T RS A HL2E B, B2 A X DL 4
il JE R PR M, 1 B TR Sz . k-
2 DX i) b S 50 1 P AN ] S s

CETTL o
SHbE W WERBLE  RHGORE
T A
i

5 k-0 X a5

Fig.5 Geological section map



1032 by A E IR N N

A CA BB R

35 4%

3.2 BRTITERR

A 552 s T A A O 2 7 A B s A AR
& 6. FAI 100 m, & 80 m, M4 43Ky
8114 A7 H 1 7840 ARG FF¥2 1 HAR K
13.1 m; & JERE 0.5 my i EHA2 10 m, H
HL S S I AZ G AR RE 17,23 m. 38 5 b
B & B SCik [20] AT A R KL = A )
Hoek — Brown IS5 £ 1 fiR. %
[Ey, =22 kKN/m’ , #iESi E, =8 GPa, JAM
o, =0.25, 7" =2 x107°, i 5 2 %k
«=0.02,8=0.2; BHGHEENESITH,
KBOTEE RV IR B B R ECH 2.59 x 1077
m/d, SEEW AR B E R B K = A5
Y MIATLER ARy 0. 3 ; S RIS g Sk b1
B E S B REy, =25 KN/m’, #PER & E, =
35 GPa, JAFA L u, =0. 3, FLERZ N 0. 003.
RGN0 0.1 ~0.5 MPa FYFLER/K E.

IER!

80 m

100 m
6 AHRITiHAA
Fig. 6 FEM calculation model
F1 HENESH

Table 1 Mechanical parameters of surrounding rock

Ve fT 5 JiE BRANIR
GS. [peak mpeak speak GS. [peak mpeak speak
50 1.667 0.003 9 30 0.821 0.000 4

BE 4 AT ) AT SR A, 1
X1k HU 735 RS T R 4T A 5 Bl 4K
AL BREETFE A, DL 40 % i 2R IR b
HET AL S E KB T2 28 it nas |
L.

3.3 HHEERASW
3.3.1  FIENLEE SKATRIN 153 B
TEAN % S8 FE K TR I (95 3 b 7K R i 2

AR 0) FERE RS TOUES 43 51 it 0. 1 MPa,
0.3 MPaf10.5 MPa ffLFR/K T, 115315 E 6
gk T AR I B s niE 7
Fis.

-0.002

B L

-0.004 {i

-0.006 |

-0.008 -

VLF#AE/m

-0.010 |

-0.012 —— LE/KH0.1 MPa
& —— [E/KE03 MPa
—‘—J:Eﬂ(EEOSMPa
-0.014
-50 40 30 20 1o 0 10 20 30 4o 50
EEFEE P LRER/m
(a) HURUTAR(E
GO0 L —— FEKIE0.] MPa
0.003 | —— FEUKH0.3 MPa
—— FBE/KE0.5 MPa
0.002 |
& 0.001
a I
§ 0
s ~0-001¢
& 9002}
-0.003 \/ /
-0.004
-0.005 .
-50 -40 30 20 1o o 10 20 30 40 50
ERFEETRER/m
(b) RANBEIE

7 AR EEKET 2 FS 15

Fig.7 Displacements under different sea pressures

HIE 7 (a) AL, AR RS20 T, 3R I
W R T T 425 Rl R PR O A A — o B 22 5
LI ARXARIE. B LK SRR,
R ORI 2 32 7 98, L8 A W 652/ (il
11.9 mm ¥ E 12.3 cm) , VIR RMEA N E
W AR O 2 RS, iR 7 (b) AT TF
TS5 IR 22 6] ) B K B BT 08, A RS
RAEANTESE , e KBRS B T K T 38
TMiys/N (38,7 mm J& /0 % 25.5 mm).
I FEAN RN K s VR IR, M 3R LKA



5 6 1]

VPR QAR IR A R RS E U — B iR A AL R 1033

F RO 2 R A AR AL B AR AR BE )N
XoF it TR N

[ F /KK S8 0.3 MPa, 5 5| &
YRIR N FE 3 K JE o 0.2 MPa 0. 4 MPa Al
0.6 MPa, ITHIMZA AL ANE 8 FiK.

0 DR
~0.005 f
-0.010

£

o _o01s) /

=

“§ -0.020 -
~0-0231 :%S%%{)kz MPa

—— 7 JE7K0.4 MPa
-0.030 —— & 7K0.6 MPa
-50 -4'10 -éo -'20 -io 6 1'0 2'0 3'0 4'0 5'0
BE B P T PR B 5 /m
(a) MR VLIAE
0.010

—— TAREK
—— & 7K0.2 MPa
0.005 —— 7 HE7K0.4 MPa
—— & 7K0.6 MPa

g

@ of

2

8 —
-0.005 -

2 //“’“
-0.010
oo

-50 -40 =30 -20 =10 0 10 20 30 40 50
B 5 T 0 B M 75 /.
(b) BIE R A AL

8 ARIFEHUK M NI A K
Fig.8 Displacements map under different filling wa-

ter pressures

H P& 8 T, L A3 B8 728 Ak X 8 UK IR
HH AU, AR FEHUKE R, R TRk
(EAL B AR, B TR R A K i RUTRE
B 14.2 mm ¥ £ 30. 6 mm, 3 KIEE N
16. 4 mm ; B% 7K Bl 5 fie R ke i il e 320K J
s 4.21 mm ¥ K% 8.06 mm, JCIE A —Ml
HRTTMEAEH 5. 14 mm B9 % 11.6 mm.

SRR FEIE K T, A 71 A5 e K 32 6
FMEREATIHE 25 R 9 iR, IR ] L
A Ao R K B N (B B 2 7S S R Y 3
M AS Wy 388 K, B KAE 4 51 106 kN

121 kN 133 kN #1218 kN, H i K & 4=
TE T ) 0] By — ).

— RREK
- ZLUK 0.2 MPa
250 120 o T IEBAKE04MPa
200} s My - - 73K 0.6 MPa
150 150 30
Z 100} ﬂ ; ~
el
& of180 aﬁ' Ho
Rt
o 100} .
150f 210 330
200 —
250t

270
9 ARFEHUKE T * R 3 0 JE
Fig. 9 Maximum principal stresses in lining
Hy L3 23 A Al T SRR R Y R oK
FAEDRT L5 A% RS 15 PN 7 899 52 e 5K
TEAZ N R NZREB T, FEK R L JH 4
RS RE O B BARS, R R RE.
HEREITIZ, JEAR [ f 1 122 MoK 8 o &
GEB P HRIRAS WA TR, 3 K Hs 2URIRETI
FESEL 1) 475 ThT T Y 6 R G A 22 AR
SE VI AN R Y22 4 U SEBUK RS
Rl (SR A ) P4 T 44 e A W I 84 ixX s
SRR DX T P M A0 B v AR SR T RS
M.
3.3.2 il B
AFFEHUK R, A S0 (A2 % &
By U 10 fs.

il
+4.033x 10"
+3.696 x 10”
+3.358 x 10™
+3.021 x 10™
+2.683x 10™
42346 x 10
+2.008 x 10™
+1.671 x 10°
+1.333x 107
+9.955 x 107
+6.579x 10°
43204 x 107
-1.719x 10

BEFRPm-d")
12424 x10°
42221 x 10™
+2.019x 10,

+1.817 x 10

+1.614x10™

+1412x 10™
+1210x 10™
+1.007 x 10™
+8.050 x 10°
+6.027 x 10°
+4.003 x 10°
+1.980 x 10°
4304 x 107

(a) ik 0.2 MPa T 4 /5

(b) K EO.2 MPa T BB RS



1034 Tk B SOR S e AR (A R R SE R

o535 3%

£tV
+4.740 x 10™
+4.343x 10"
+3.947 x 10”
+3.551x 10™
+3.155 x 10”
+2.759 x 107
+2363x 10
+1.967 x 10
+1.571x 10"
+1.174 x 10™
+7.783 x 107
+3.822x 107
-1.395x10°

(c) F3ti/K E0.4 MPa F # #5

+2372x 107
| +2.135x 10
+1.897 x 10
+1.660 x 10
L 1422 % 10

-2.361 x 107 (d) FEHKE0.4 MPa F B8 R 3

+5333 x 10™
+4.887 x 10™
+4.441 x 107
+3.995 x 10™
+3.548 x 10
+3.102x 10™
+2.656 x 10™
+2210x 10™
+1.763 x 10”
+1317x 107
+8.709 x 107
+4.247 x 107
-2.157x10°

BERE/(m-d")
+3203x 107
42935x10™
+2.668 x 10™
+2400 x 10™
+2.133x10™
+1.865 x 107
+1.598 x 10™
+1330x 10™
+1.063 x 10™
+7.955 x 107
+5.280x 107
+2.605 % 10°
—-6.928 x 107

(e) T/ E0.6 MPa F 415

() FEIEAK 0.6 MPa T BB AR
B 10 U{EMSB SR = R

Fig. 10  Contours of damage value and permeability

coefficient

I 10 AT, Bl FEBUK AR K, f
IR B A0 L4140 96 R S 0 O, 38 1B
AR 2 RO K. AR I Z 4
SERE  BRACA RN TR BB A A H LB
MBS ARG 2B R B AW AR | e AR
5 T2 8 2Z (] i T /KT 3530 N 7 70
B Kl 8 A F 2 R K X T2
i R

4 & ik

()RR, MR IO ih R AETTHZ

T R 2 A7 7E I 8 22 57 W L T K R
TIHIRE R, Fe R TR, LA 8 ) i
T 2R T 1 A8 Ak 5 32 1 7 00 07 % 72 AL R A
ANTR] 358 0 ) — 0 g B 7K L v 3 431 A
rda el N o N [ - B A BN ]
Bk

(2) Mt FUTIRAG | FF 42 1o v 0 6 267 %
(BRI RV 5 K 2 7 (B B 25 FE 0K R 1 2%
KA AR AL, TR A SRR SR TR £
JCAR B B W I B H A T Rl 2A AR,

(3) biti 5 70 UK R B9 38 i, B 7K 5 R 1
PG EABIG K B8 R BUER ZOE K I
A5 42 1 22 (BB B S /K38 38, 42 T Y
ZOKRPKEHLT TRUE.

S 3k

[1] ZERPE 2R SR PRAR. M X R i 2L
IKGEH I ERURIRIFE[ 1] #1732 ,2010,31
(2):523 -528.

(LI Liping, LI Shucai, ZHANG Qingsong.
Study of mechanism of water inrush induced by
hydraulic fracturing in karst tunnels[ J |. Rock
and soil mechanics,2010,31(2) :523 -528.)

(2] PMBE XUAE T o XU v i T 5 T S K AL

HIBFIE[T]. A4 J1%,2011,32(4) . 1175 -
1180.
(SUN Mou, LIU Weining. Research on water
inrush mechanism induced by karst tunnel face
with high risk [ J]. Rock and soil mechanics,
2011,32(4) .1175 - 1180. )

[3] REAB, R4, VP . AT X Wi T2 iR
T A AR TR [ T ] [R5 Reg 24l (A
SRBHERT) ,2004(6) ;710 - 715.

( ZHAO Mingjie, XU Rong, XU Xibin.
Deformation modeling of surrounding-rock
during full-face excavation of tunnel in Karst
regions| J |. Journal of tongji university ( nature
science) ,2004(6) ;710 -715.)

(4] BRI, T MR, 55 BRIETFZ U5 & W KA

JEIE T 25K R BB REAEL [ T ] v [ TR
B2 ,2009,11(12) :93 - 96.
(HUANG Mingli, WANG Fei, LU Wei,et al.
Numerical study on the process of water inrush
in Karst caves with hydraulic pressure caused
by tunnel excavation [ J]. Strategic study of
CAE,2009,11(12):93 -96.)

[5] WARKR,ZARA VIR, 55, HIR R IE 2K R R
PRI SR BN ST [ T]. A T
2244 ,2018,40(5) :828 —836.

(PAN Dongdong, LI Shucai, XU Zhenhao,
et al. Model tests and numerical analysis for
water inrush caused by karst caves filled with
confined water in tunnels[ J ]. Chinese journal



5 6 1]

VB RS AR B IEAR T — B R A L S

1035

[11]

[12]

of geotechnical engineering, 2018, 40 (5):
828 —836. )

EAA AT, X . AR BRI 5K KA
R B PRI S AR [T]. B R
#2,2006(7) :613 -618.

(WANG Shuren, HE Manchao, LIU Zhaowei.
Analysis on the process of water burst
catastrophe and its prevention counter-measures
in a Karst tunnel [ J]. Journal of university of
science and technology Beijing, 2006 (7 ) :
613 -618.)

XA ol E AR (B0 3 1L R
JKHLER R B if % SEAEFE [ T]. o £ 15,2006
(2):228 —232,246.

(LIU Zhaowei, HE Manchao, WANG Shuren.
Study on karst waterburst mechanism and
prevention countermeasures in Yuanliangshan
tunnel[ J]. Rock and soil mechanics,2006(2) :
228 —232,246. )

KB, XIUFH A (B 3% 1Ly Bk T S KRR AIE 7
Mr[T]. A TRE2E4, 2005 (4) 1422 —426.
(ZHANG Minging, LIU Zhaowei. Analysis on
the features of karst water burst in the
Yuanliangshan tunnel [ J]. Chinese jounal of
geotechnical engineering,2005,27 (4) .422 -
426. )

AN SR E TR A B P 405 A b R L
g L AR K[T]. £ AR TR A4, 2005
(9):14 -20.

(LI Jie, WU Jianying. Elastoplastic damage
constitutive model for concrete based on
damage energy release rates, part I . basic
formulations [ J ]. China civil engineering
journal ,2005(9) ;14 -20. )

FRAE Ty, BRI, A5 e = AR R A
ViAFIRE RUBE 95X [ 1], 55 + TR 2% 4, 2017
(6).

(DU Xiuli, HUANG Jinggi, JIN Liu, et al.
Three-dimension elastic-plastic damage
constitutive model for intact rock[ J]. Chinese
journal of geotechnical engineering, 2017, 39
(6):978 -985.)

EZERE ZH B A A IR O AR AR A
SERAERSE TR N T A %,
2015,36(4) 1147 - 1158.

( WANG Junxiang ,JJANG Annan. An elastoplastic
damage constitutive model of rock and its
application to tunnel engineering[J]. Rock and soil
mechanics ,2015,36(4) ;1147 - 1158. )
PN, m L, TR, SF m AL e a2
i — BUOAE G SEERLL T ], TR
AR ASRBRFERR) ,2016,47(2) 1558 - 568.
(JIA Shanpo,GAO Min, YU Hongdan,et al. A
coupled damage-permeability model of clay
stone with high porosity and low permeability
and its numerical implementation [ J ]. Journal
of central south university ,2016,47(2) :558 —

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

568. )
BN XA EiliFr. #F Drucker-Prager
HEN B A S IR PR O A B BT T (D).
1 71%,2012,33(4) : 148 - 153.
( YUAN Xiaoping, LIU Hongyan, WANG
Zhigiao. Study of elastoplastic = damage
constitutive model of rocks based on Drucker-
Prager criterion[ J]. Rock and soil mechanics,
2012,33(4) .1103 - 1108. )
FAERE BB R e kN )y -
B - RS TUAFSE (1) AT K
HEUESR R [1]. 5 1 1%,2014,35 (4
Fi12) :626 - 637.

( WANG Junxiang, JIANG Annan, SONG
Zhanping. Study of the coupling model of rock
elastoplastic ~ stress-  seepage-damage ( I ):
modelling and its numerical solution procedure
[J]. Rock and soil mechanics,2014,35(S2):
626 —637. )

PN R TLAE,, T Y 2 Yl s bR it T
FEB U 5 0 1 3 AR B R B AT 5

[1]. %+ 71%,2009,30(1) ;19 - 26.

(JIA Shanpo, CHEN Weizhong, YU Hongdan
et al. Research on seepage-stress coupling
damage model of boom clay during tunneling
[J]. Rock and soil mechanics,2009,30(1):
19 -26.)

JU J W. On energy-based coupled elastoplastic
damage theories: constitutive modeling and
computational aspects[ J]. International journal
of solids & structures,1989,25(7) :803 —833.
SIMO J C, HUGHES T J R. Computational
inelasticity [ M ]. Springer; Computational
Inelasticity ,1998.

SORENSEN E S, CLAUSEN J, DAMKILDE
L. Finite element implementation of the Hoek-
Brown material model with general strain
softening behavior[ J]. International journal of
rock mechanics and mining sciences,2015,78 .
163 —174.

CLAUSEN J, DAMKILDE L. An exact
implementation of the Hoek - Brown criterion
for elasto-plastic finite element calculations

[J]. International journal of rock mechanics
and mining sciences,2008,45(6) :831 —847.
PNE] KA AR XTI, 5T Hoek-Brown iR &
VHE U] 4 07 728 T A 2 A B S TR o A L
[J]. A+ J12%,2013(10) :2954 - 2961.

( SUN Chuang, ZHANG Xiangdong, LIU
Jiashun. Application of strain softening model
to tunnels based on Hoek-Brown strength
criterion] J ]. Rock and soil mechanics, 2013,
34(10) :2954 -2961. )

SUNL, LI C, LI J, et al. Strain transfer
analysis of a clamped fiber bragg grating sensor

[J]. Applied sciences,2017,7(2) :188.

(DU kA P3O XK EE )



