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Abstract: The Mohr-Coulomb and Hoek-Brown failure criteria are the two most widely used ones at present. To simulate
brittle failure of rocks in deep tunnels, the models based on these two failure criteria have been proposed, including the CWFS
(cohesion weakening and friction strengthening) model, the DISL (damage initiation and spalling limit) model, and the BDP
(brittle ductile plastic) model. These models have been used to simulate brittle failure of hard rocks. However, because of the
issues of strain hardening under high confinement and large ambiguity in model parameter determination, it is very challenging
to apply these models in practical engineering application. Based on the variation of the GSI (geological strength index) value
during compression of rocks and by defining the GSI value as a function of plastic strain and confinement, a strain-dependent
GSI-softening model, which is based on the Hoek-Brown failure criterion, is proposed in this study. This model is implemented
in FLAC® to simulate the triaxial compression tests on Ty, marble in Jinping-IT Hydropower Station and the Tennessee marble.
It is found that the proposed model is able to simulate the mechanical behaviors of the brittle-ductile transition observed in the
triaxial compression tests on Jinping and Tennessee marbles. Finally, this model is used to evaluate the relaxation depth of a
headrace tunnel in Jinping-II Hydropower Station, and the calculated depths are in good agreement with the field observations.
Key words: Hoek-Brown constitutive model; geological strength index (GSI); parameter valuing method of rock mass;

Jinping-II hydropower station

BEEWM B [EKE S ST TR TR (973 THRID TH (2011CB013501,

0 39l = 2010CB732005); Fr£LHEF AA T4l (NCET-11-0406); e Be st
NN N ARLS 2L (2012206020215)

HERSEE



500 a5 oE L OB ¥

2014 4F

PR ER 7 R0 1L SR SR R R, H R =
SR T TR TR At At A v R e U R R
o bk T g S BT AT (S AR R A A
SEEE B VPO FELA AR T S5 A0 e I AR, 1Y FH A 1A
BR IR A5 L () O B AE T~ S HE B . Mohr—Coulomb 11
Hoek-Brown MIAEEALE H Fiia i) V2 P RN
B, O T R T I [ 1 1 B ) e R ARR
Martin'>?! fl  Hajiabdolmajid 2% " f5 L 4% 1 3 T
Mohr-Coulomb i # £ %Y ] CWFS ( cohesion
weakening and friction strengthening) A A EHE 7
%, ZJ5 Golchinfar 4% i Mohr—Coulomb Jfiftk %
BIEE 7. E Cundall 25752 i T Hoek—Brown
HEN R HT R AR () I A T AR, S 2 it 2k T
Hoek—Brown {4 I R 2 BOAE 7 %, 2 AL
Diederichs™ #2 1 f) DISL ( damage initiation and
spalling limit) iK% 4 25452 1 (1) BDP (brittle ductile
plastic) FHAZEIUE T

5T Mohr—Coulomb A1) CWFS HE8L G AL
PR b R BRI A ARG s R AL B, H
HH Diederichs SR H CWFS ARV ARL Lac du
Bonnet ¢ 75 J1 e MESE RS, e BIE&E Faa
Jit M 2 I BB R N AR R A AT S, R R s T —
SEAEIN, A AR AR R o TR R, 1X 5156
MRALA A ATEHLHIAST; 1% T Hoek-Brown A4
() DISL 5 24 F1 BDP A5 28 AR 7E R AE AT 1R R
D7 W38T — 5 B A, AFR LS HOE 3 X
ANELOAfG, T H. DISL 52 A [ A7 1 5 P AL 1 )
B, BT PR BRI AL, 25T Hoek-
Brown MY (R4 AR S BB R, 38 5 A b o
i EFE kR GSI (geological strength index) {5 [l & DA
SR N AR ) RO R, L FOB A T GSI 89
AT AR AR AR ——GST 590, FEil L B —
PR, IR B DL A Tennessee K37 — il i
RIS EE BN A SCHR K GST 594 BE AL AT 46
UE, ) 18 AR PP 4 BF — Rk 3 5 [ K Bl T
FERA O o

1 Hoek-Brown fEI /&N

Hoek-Brown BEIAAEN]H 20 tHed 70 “FAAKRH
Hoek Z5PHR L LISk, Ok EmseEltbl X
Hoek-Brown i JRE U (1) ELAA ik 1 24 1)
% +sj , (D)

O ..

C1

O, =05 +0 (Wlb

K o, Moy 709 a4 BRI IR de KA /s

N1, oy RSEEEA A PR PUS SR, my AT s AFEL
WG o WNHEL WTLUEE GST Rt e, H

(S
GSI-100
= . e , 2
o = Xp(zs—ij 2)
GSI-100

S =€X y 3
p( 9-3D j 3)
a :l_i_l(e*GSI/lS _e—20/3) R (4)

26

A, my APPEIZEL GSI b ORI VEZFebs, D
b3l 7/ R = W N & SN S L P2 G R AR A T
Cundall 25T X Hoek-Brown Jif I HE I 2 7 1R 1
IR e i g R A

F=6,—G3(mb G3+sj =0 . (5

BB S K B AR 1 5 Ael R f /NS N AR
ot Aey Wi IR KR
Ael =yAe] (6)
by A ENIJKEARI R -, H HAE R
IR N AR S ST % A . Hoek—Brown ARAYAR
FEAPRE RIS BN ) ACSEINT 4 B il
(1) SRERENEN (associated flow rule), T
FIRAG 254 B IR IRARAAIE, LG IS 2 A (R AR AR N AR
RIS R, TSGR ANE N AT LB b R AR AR
AR B e KRR FE IS . OSSN M BlE ) R
Ael =— oF o (7
' oo,
B (5. (D) ARAK (6) TR Bh IH)
ESEV]
1

a-1 °
9,
I+am | m,—+s
Gci

(2) ZEARFUUR 8 #E W ( constant-volume flow
rule), Y FE IR 2 e MR R K o 1
U R AR S B R AR R R . %A
DUFE T8 v B 1 10 e IR AL, Rk Xk

Yoo ==1 o (€))

(3) 2mFshEN (radial flow rule), Tk

FHCRLN )R R R . BRI

=9

Vae =~ 3

Vet (10)

05
(4) AE5W5) (composite flow rule), [ EAr
T 0 Hoy 2, AP G R sk R 401
PR RITEAIE IR A e Pl TV B1: 2 9SS A R e
UL . A mahEN R



%3 R, A TEET GST S9N AR R AL AR Y 501

(11)

Ve =
b [1 1j@
+ T cv
yaf }/cv yaf 03

Btz 4b, Hoek-Brown MIRIEAIA fE V74 He s
MRG0y, my, s Rl a 55508 2 BEAT S PE Y AR ) S
TMIAZAL  H AT DA et IR B B E A R ARAT 4
Cundall 25— fE AL I R & TR 5N T — A
Hig/NEN ) oy R T s HIT4I8AS [ F K
SN SRR S B N AR R AL, AT R —
AN AFT T

X1 i1 T Hoek—Brown AR b () 5 i 2 4 bt
B AR AR A RS Z W 20, 13 Cundall
1578 (Cundall 7 & Hoek-Brown R IR ] 5 LI 2
O R LUK B $E 1 DISL #22°1A1 BDP
B o SCBRE S RN AR I B, A5 B2 i
JESHEIENE N AR AN LR 1 TR iZRT]
DAEH, SRR g [T S E AR AN R, XAt
JRZ BB AR P B SCAN WA 4 1) AL

F1 BREBESHMEBENTHTLAE
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different models

*ﬁﬂ $ZFEE ?}i}i&‘ﬁﬁ Ogi N a m; my,

Cundall %74 FEA A A — K
DISL #7} AR e — K KR
BDP #1 AR G K — K

e =7 RN R T U

2 GSI 551Li=E

Hi 5T EFE bR GSI [ B Hoek 25 MR LUk A£E [H
By B N R TR SIS 2132 N - kS H
HFOW I PEZR Fabr GSI B AR 203K Hoek—Brown
I vl B A B S AR ARk . T 5B TR GST
B SR R AR (AL A, SR T8 e A g o 5 T i
Fr GSIAE 5 [l s DA B B34 AR (1) o 00 R vy —
BIFET GSI 554011 3 AR R Ak AR R GSI 5545
i,
2.1 THEI29 GSIEZ L HE

[ Ah Ak 22 22 U S e i o B i St
FERHT TIRAIIT, WFFOR A A I R4 i FE b
HEIE Y JE, A4 D15 R I LU R TS
LY RAE B I, CE S AR 2wy, &5
P R SE R, NERAEL B A R AR RS, GSI HYY
H 1005 S AR TR AR RIIREE, A gk R
EOREAR, SEaEHORAR ) AN e SR, P EREREEL
ST RULAREY RS E T K E . I
BUERRAEE R, U fo R GSTAE— /N e oo 5

AR GSI L ZURYE A AR S5 LS CH PR B A X A
PS5/ 3 | R N PN N b e SR d s S (N e L S A B
RABWY e, FECE O A B s 1L, FEMET GSI
FEPRE WG, X BERRIX IS AE AL TR GSI 55
TR R

I UE AW s IR PE, RVEL S Hoek—
Brown Jit i U T LAAG 31— 5 I 5 Y A AR R A
FEB M o RE R T o', ik R,

6am, (s +m,o;, )a_I

sing' = — » (12)
2(1+a)(2+a)+ 6am, (s +m, o, )

, O, [(1+2a)s + (1-a)myo,, | (s + m,05,)"

= , (13)

1+ (6am, (s +m,0o,, )
(1+a)(2+a)\/ (+a)2+a)

A, o,,=0l,. /0, Hio!  HhH%IE Hoek-Brown
Jett AR VE DU AT Mohr—Coulomb Jif AR7HE U AH H.5¢ 2 1) [l &
BRI = T 1 o B RN,

el (20 (3) BLEAL (4) 3R (12) Fi
(13 1, o RIS RITEHR B A AR SRR S o FNEE
EER T) o'W GSTEM AR . B 1 AR R 2
5 om H5HREHURMEE o, KA IR D) B GSI
Erhg, e o), =5 MPa. MEFRTLL
it AFEMEZE m 50U o, KT,
WA GSLAEZB W/, SFEMEER ) Bk .

Martin 2554 3 Lac du Bonnet 16 54— 25141
P R A, e i A8 T ik R v A 1 i 1 26 2R sk
AN, TR EE Sy T O PRHCA A e R g R
BEEAVE N AR B O, RGERE 1B WRAIS, i GSIAERE
FHIRE T AR A, bt mT DA 2 A A R e R
BEE B N ARG R, A N LGOS WY R, GSI
{HZE #5916

35

—u— mj=5, 04=130MPa

30+ --=--m;=10, 64=130 MPa
—n— m;=20, 0,=130 MPa
25+ —o— m;=5, 64=50 MPa [
--0-- mi:10, Ugi=50MPa !
g20F  —o =20, 0;=50MPa
g
LS}

15+

10+

1 Hoek-Brown #& 2 R Z A5 ke GSIEELME
Fig. 1 Relationship between equivalent cohesion and GSI in

Hoek-Brown model



502 a5 oE L OB ¥

2014 4F

2.2 MR

ARSEUT FH O TOWMI PP Fabr GST I JEAR, Ja i o
(2. (3) LKA (4) RARMESE my, s UK a
AR, JHBOE A DU SRS o, LA KL 2
B omi AA AN SR, fERgd R o E =, IREr
A, T A F e GSHE S5 TS H GBI AR ef )
PLK R o, (2 R RIAT . GST A5 [ K oy 1195 R AK AR
T Ik P A BRL - ke SEBR, - LA R sk A FH TSR
A AE B A GSHEMIVER, AR F R4 T id i ofe
R 2N SRS s UNA i B S G 8 O R [ P S
MR E SCIR B2 kA = s A e v i Y
o, -0, SEIYINA y =0, — o, MEAHL Y BLERPEC R,
B oo Ay A 2 T g B AR O P ISt R 1) B b BR
fii. M2 PRIBERE 2G5 Cundall 2758 X —
B, Hh G hsptEsiRE, n N RATEEI 0 210G
FIRWTCEN L, T LRAEAN R R 44 R Y
JINABM N o LA Rl I8 A

O3 de
= o, <O, ’
# oy -0, (03 <o57) (14)
HU—> (0,20%)

A oy 0 I, A AEERBU e RL, 1t
I REELRE 2Gmia T Jo93 K, 0 I LB AL i /)5
N oy KT EEETIRSE E oy I, A B4R B
N BIARIINE, BOREE 2Gnla T 0, BRI Y H A P
TuEa TSGR Mo, AT 0 S o 2
VN, A R AR AR}, 0f W R % 2Gn
N —HBEM, HEEHIE o, 8O MZHT G Hitar
oo LEBIIA - A 5 b — 4] 7, s A )
s 7K 25 A PR L g A ) 2 i o

30
o= 0,=10 MPa

]

A

S of

il 26 ,=5 MPa

5 1

S0l

E 260 . ,=0 MPa

0 1 1 J
0 0.05 0.10 0.15

BNy (y=¢-&3)

2 AASHERRI AR LS AT
Fig. 2 Idealized piecewise linear response obtained from triaxial
compression test!”

GSHH 5 ¥ S H e} MR R E , MR BT
M, AR R, BEEAE ARG OR, A
W ERREUEHTY T, GST EZHIAAR. T4 40 R4
LT o R B AR T AE I ) A 3 3 i b BRI T

52, PtnT DUESE GSI 99 ih T8 AR T B
RIS ARTEBY BE GSTARFEAAR o 4 T ik v 55 5 i
SEBRERAE, BE GSI SRS ef fE7E XL 1K
&, WE 3 PR, T2 GSHES B S el R R
LR N

GSI. —GSI

———Le (e < e§') ,

e (15)

(e >ef),

GSI=GSI, —

GSI=GSI,
T, e Ry g N 7K B 5 A T I o) I P 98
AR, GSI; A5 BEFR AR A8, GSI, ki 5T
FRPRERARAE -

GSI

\\\\\W%MﬁﬁﬁﬁﬁG%

BRI EIARGSL,

| —
pr

€3

R

3GSIES MM TRIMIE X F

Fig. 3 Bilinear relation between GSI value and plastic strain

B BRI AR ef TRWTHY K 22 il FAH ef 5 M BTt
fibr GSI WA {E GSL 2 FEAR R R 8 GSI,, I bt
BAPE AR ef 13— I R ORFFANAZ o LT3 S TR AR 4]
IR GSL KAUSBRARAE GSIe A LGl A =l 4
W OB CEERAF, S AMEARE GSL MBI Cai 255
W7 23K A

3 1HEBIIGUE

FLAC™ FEF4R ML A 52 A [ 40 5 5
IR ABEEL, T Fish 1 5 B A SR 1H GST 5540457
] FLAC® BEFr, JEIk T gl il PR i i
FARLS e UE AR S 3
3.1 SMEZHALBEXRES

o 5 2R A RSO B K H st LK B T
J N Rl R Aa e, SR B 1L 41 2000 m
HRERI R BLAAE A5, 57 MTS 5 HL F
AT, —HIAREG T e R Dy 2~50 MPa. ] 4 4112k
ERBE A K H S = A R . FTRUE
IR i IR B R ) - AR ith 28 5 B 1R 06 &
BV, ARERAME T, Ny - AR 2 2k
R o PO s, S0 HH B W e PRI s BE



53

MR, S MR T GSIFL I AR ALY

503

®2 REBEEXNFESY

Table 2 Basic mechanical parameters of marbles
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Fig. 4 Triaxial compression tests and simulation results of Ty,

marble samples in Jinping-II Hydropower Station
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Table 3 Variation of GSI with plastic strain for Jinping marble
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Table 4 Variation of multiplier with confinement for Jinping

marble
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Fig. 9 Variation of p-wave velocity along boreholes in section 15+700 of diversion tunnel No. 2
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Fig. 10 Simulated results of relaxation depth in diversion tunnel

No. 2 of Jinping-II Hydropower Station
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Table 7 Comparison between the calculated and observed

relaxation depths
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