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Abstract: Discontinuities are ubiquitous in rock masses. The discontinuities significantly affect the strength of
rock masses, which cause the failure of the rock mass along the discontinuities. Based on the analysis of the effect
of the intermediate principal stress on the strength of rock mass, a twin shear unified strength theory is illustrated.
The unified cohesion and friction angle, which are dependent upon the Lode parameter and the intermediate
principal stress parameter b, are established. The stress distribution on the discontinuities in rock mass is
investigated. The anisotropic strength criterion of rock mass is proposed. For the specific case, the proposed
strength criterion is simplified. The application condition of the criterion is also analyzed. The polyaxial test
results of jointed rock mass are used to verify the proposed criterion. The results indicate that the proposed
criterion can well predict the strength of the jointed rock mass. The effects of the intermediate principal stress,
inclination and azimuth of the discontinuities on the strength of rock mass are also investigated.
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Fig.1 Relationships between the strength of rock mass and

the inclination of joints under the conventional triaxial
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Fig.3 Comparison between unified strength and experimental

results
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Fig.4 Comparison between experimental results' " and

unified strength friction angle

3 AFHEERLE

3.1 HEFMEEEN

FAR T IR MR 2 DA A 1T AR S
ANVELET, IREEAELE M H L 5L TR EAT 5
FERE AR (R R TR H], AR T RES I
IRLEATELL AR KA o I A 32 p
L FD 0 R gl T e g JZ AR AR R SR o 2R
AR AN S8 1T (1 58 B2 2 Y A R A RN 2R ) i e
X MARMFR - FE s HEN], A%
ST A Ay

2(c, + o, tang,)
o,=0,+ ! !
(1-tan g,cot)sin(2 )

(6)

e RN TN I RIANES: 2 18] B ¢
@, 73 ) R ANTE BT (135 58 A0 A EERE AT o
FE=YEN PR T, 0 T8 B A AN
SR, AR NS L 0 N AT Y g )
PR AN S VA I AR52(L ms m)REHTiZE



B2k T

RN, FE RN PIRE T AR R 1 AT

* 1401 «

A 1K) 3 N T B «

. ) 2 2
o,=l"c,+m°c, +n°o, (7a)
2 _ 72 2 2 2 2 .2 2 _ 272,.,2
=0, +m’c; +n'o; —o” =(0,—0,)"'m* +

(0, —0,)’'m’n* + (o, —0,)’n’l’ (7b)

IR AELLI A B, LTS o Z TR
KA, WK 5@ s, WIAZES:H 135 [ 42 5%
L ANTE ST BT AL 1) 22 TB) DG AR A0 R

[ =sin fsinw

m =sin fcosw ®)
n=cospf
o/ %/
jl/jl V//
3 7 7 _
(o) (<)
/
/
/
o /0'1

(@) 0#0, B#0 (b) @=90°, 0
5 EAA AL A A

Fig.5 Rock mass with discontinuities

R (4T, G8— oS Hr] LA a3
T T FRI AN, WO B 2% I RS 2 A 10 i P v D)
PATE N R BY Y ) 2 7R h

T=cC, to, tang,, 9)

s g, Bl ey, I ZRI JPARES T4 S S 5
2, ME—EES e, co @, c -

i GRS, TN ()N AT LI 25
PR AR ) R S AR )«

f(ccqvj’ gocqvj’ ﬂ, @, O Oy 63)20 (10)

Rt g, M e, RS SR B4

TR 0T 2R R LR 2, b Tl
W SRR AR AR . RA0)FF IR
A R R BRROR R, KA
IR, WTLLR I 20 AT KA % R Micrsoft
Excel 'R “ FERsRL” S “ Bkl sk
AT

LR (6)FI(10), 7T LA Hi 2 = 4B R T
AT ST 4 ) P B Y U AR SRS —

ANER = F2 N g A ANESE T A TR A 52, 1T HE AN
e RN g, ANIESERE ) AR G5 B AT
Ko F(10) AT LA RS B 22 1A DR 3R e e AR iR L
32 FAEEEFTTHEERNHEESREFMNE
& 5(a) AN SET 0 1) AT ) 32 1 5~
AT, i 5o)Fs, XML, m=0. NIE
FIAEANE SE 1 L) 12 N I RS g m] AR A6

o, = %9*% 5 ~%% cos(23) (11a)
2 2
=2 "% in2p) (11b)

EZNE DL =010y a] RLTE AL A

2(ceqvj + 0, tan %qvj)

7= " tan g, cot f)sin2)

Loy M2y L, 2 DM afERIETE
b3 AN ZAAEXA2) PR ) = 4E N )
UL RS S5 N7 20(12) AT LA RS )
TN, 2R R R (12) & AN
ST 5 ) R ) 3 N 7 10~ PAT A L o

A2 T LR 1, Ui g 90°HT,
K2\ ShE— N E o, {8 M0 %
T 0, et —M Mo H. LAHLE
P < BT/ 2, G AR T BT ANIE B R A
IR, BN AAR NG A AR R AR, kR A
KA KRV SR RE . Mk, 28 BRTid, RH
FA2) KPP A (R BREE I, A Z 2 AT B S %%
W — S sRBEUEI, RO 2)2 HImE—A> . i
KA o HRTR@IIME, 23 012)57
TR o (A AR, AR BRE ek 2 R AR
AR AN S R AR, N 4t — i f B
R ECA AR R, 15 e T =R (12) T B A
SRS o
3.3 RIGINE

FH G. Reik F1 M. Zacas!r1i{ 45 B A e
FITHE S 2N IR R B A A =X (10)
HEATIOUE, 16 B A It 3 4AH T T B
R FLUDEN 0 Y A e, R0 A R 5 5
Bl 6 TR e AR 2 BEF A AT B A v AT )
TN IPAT A AR R RE . DR, RS
X R A (1 2)0 5 7R 1 s BEEA T VA

Bl 6(a) () LL IS 3 T 30K - PR i v A
BN A X (6) VTR, XA MR EE

(12)



HA 1S TR

2010 4E

o1/MPa

0'3/0'2 =0.4/0.4
0'3/0'2 =0.6/1.0
0'3/0'2: 0.8/1.2

0 1 1 1 1 1 ]
0 15 30 45 60 75 90
A(C)

(a) b=0(MC)

0'3/0'2 :0.8/1 2
0'3/0'2 =0.6/1.0

< 6 63/62 =0.4/0.4
a9
2
S 4r
| 0/0,=04/04
2k o 0'3/0'2 =0.6/1.0
A 0'3/0'2 =0.8/1.2
0 | | | | | )
0 15 30 45 60 75 90
ZlQ)
(b) b=0.6

Bl 6 % fia S 1 R R T DU 1) S

Fig.6  Verification of the anisotropic strength criterion

W] R s, RS IR TLLE ], Yo = o,
i, B AE ] AR AP I TR 45 2, M0, = o
i, (6L E I BAK TG 45 . B 6(b) i)
g R0 s E I, WE 6 LR
Hy BT 0)Ek12) 2 L& T bR 3N T s,
FILLEE R (6), 2 b= 0.6 I, 10)E(12)n] LLR T
b PRI 5 R o

K 6 ATLE Y, AE =8N IPRE T, M b4
0 W, SRAASCH Frd s i s i i A ST R 45
BT BEIR — i 5 U DU 15 380 Ao 1 45
B KT @) B4 g X2 A
T 22 1A PR ) AR ) 32 Y ) O AT I, R
K (O)MA2)RE X LA, B7EX2)H 5]
FAT AT LA BE rIR] 2 N ) RS R R S, T
58 S5 SR DA e ) S Y T 52, AR B
R BT 2 N PR AR R A, Wy 2.3 Bt
UESE—FE, AL £ 5 PR Ak () 5 B 1 e A=A 4K
Y o,> o, I, A R B SR B,
MEEIR — Aot B WA BE S WO FpARAE, A2 IR
LT, ARE AR A IS 2 gk PR R
TR, IARST TSN AR 1) 45 ) S e i 5 A D i 7
B TACELLL N BLIR — PR v AT 200 45 R i

3.4 BESHR

MR0)ATEAE Y, AR5 EEAMN R AN SE T
(AT DG, T HIB RS IE S G ), ) 32 3
JER Ko AT E SHON G AR TR K 5,
CIRVSGBR CHEREr (e ibrel N P (1D G X A 5
W S EOR AT 73 17 o

ML 6 3B TTCAF Y, A 110 i i AN 32 232 T
FAI AR o 5 PR 5 I A 3 4852 T 40 PR 388 KT
PN, RN B G, SRJE RS IR KT
Ko i HAHTI A SRR, A B REAN T S
FA ARV AR e/ IME AL B RN S T () G —
SR K.

Bl 7 FT s A2 Ak i 3 B AN 821 A 1) R AR 4k
MAZ B HRT DUR H 5 R 0 5 B B A AN 2T 1)
B KT S0y 2 10192 £ BB M8/ . K. Mogil ™
(R0 25 SRARIF 55 T2 M TR X P AR A A

10
8 -
< 6
a
2
S g4t
2.
0 1
0 15 30 45 60 75 90

/(%)

B 7 iAo B B AN S ) )32 AL
Fig.7 Relationship between strength of rock mass and

azimuth of discontinuity

P 8 Sy Ak R Bt v F) 218 o AR AR AR

457
421

391

o01/MPa

3.6

33F

3'0 1 1 1 ]
0.5 1.0 1.5 2.0 2.5

0'2/ MPa
B8 A L Bl v w) 32 1% ) A4k
Fig.8 Relationship between strength of rock mass and

intermediate principal stress



B2k T

RN, FE RN PIRE T AR R 1 AT

* 1403 «

MBI AR T U, i S B 8] 21 7 1
A AT IX R, AR AR BT 48— i 5
BRI e B A o AR IR AL

4 & g

(1) & TR IR0 TE . I oA 7 B 4t
R BRI ARG, I LRI T T % S A
ST AR PR T SR A = A Bl T
gL L.

(2) fEG mEHR I NRES L, ST
AL L8 R IR) 2 N 3V B4 N R4 A AN 3 2R
71, IERME =R B AT TRAE, 435k
RS AT LA Sk =2 IR AR 5
EBHARA .

(3) 7T T =4 N PR T A RS R T 52 )
oL, SiaXWIg R, AL T =N ) &
PE R RS g S R s SR, A AT DL e ) 3
I3 RS T AUE RS2, JFEAT 13X
PRI ZO0S 95 B AR MR o SR 1 B R =t
Ko HEAT R

(4) B8 BRI ) A0 A ) 328 TP AT R B 17
DU PIT 3 S PR o A5 1) S P i P AR DU 1 R A Ak
B, PSR TSR - B IT H Fa AR AT T
LAY, B G I A PRI O . 5 RAR W,
JIT St SR 58 R BT B S ) S R AR R R

& &3k (References):

[1] MOGI K. Effect of the intermediate principal stress on rock failure[J].
Journal of Geophysical Research, 1967, 72(20): 5117 -5 131.

[2] MOGI K. Fracture and flow of rocks under high triaxial
compression[J]. Journal of Geophysical Research, 1971, 76(5):
1255-1269.

31 VFARMR, BTG, A B b ) 2 ) AR A AT, [y 2
24, 1985, 6(1): 72 - 80.(XU Dongjun, GENG Naiguang. The
variation law of rock strength with increase of intermediate principal
stress[J]. Acta Mechanica Solida Sinica, 1985, 6(1): 72 - 80.(in
Chinese))

[4] LADE P V. Rock strength criteria of the theories and the evidence[C]//
HUDSON J A ed. Comprehensive Rock Engineering. Oxford: [s.n.],
1993: 255 -284.

[S] CHANG C, HAIMSON B. True triaxial strength and deformability of
the German Continental deep drilling program(KTB) deep hole
amphibolites[J]. Journal of Geophysical Research, 2000, 105(B8):
18999 - 19 013.

(6]

(7

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

AR ST H e L RN A M), Jbat: BEAEHARAL, 1998.(YU
Maohong. Twin shear theory and its application[M]. Beijing: Science
Press, 1998.(in Chinese))

REIK G, ZACAS M. Strength and deformation characteristic of
jointed media in true triaxial compression[J]. International Journal of
Rock Mechanics and Mining Sciences and Geomechanics Abstracts,
1978, 15(6): 295 -303.

TIWARI R P, RAO K S. Response of an anisotropic rock mass under
polyaxial stress state[J]. Journal of Materials in Civil Engineering,
ASCE, 2007, 19(5): 393 -403.

SINGH M, RAO K S, RAMAMURTHY T. Strength and
deformational behavior of a jointed rock mass[J]. Rock Mechanics and
Rock Engineering, 2002, 35(1): 45 - 64.

JAEGER J C, COOK N G W. Fundamentals of rock mechanics[M].
London: Chapman and Hall, 1969.

HOEK E. Strength of jointed rock masses[J]. Géotechnique, 1983,
23(3): 187 - 223.

RN, B, MERE, G T g - UR IS S BT R IS LN
BRI, A%, 2006, 27(11): 1 997 -2 000.(LI
Hangzhou, LIAO Hongjian, FENG Xiating, et al. An analysis of
influence of discontinuous plane on strength of rock mass based on
unified strength theory[J]. Rock and Soil Mechanics, 2006, 27(11):
1997 - 2 000.(in Chinese))

JEANT, A, MRS, HSBYN )R TR W B R AR o
I A N2 5 TRE2AR, 2003, 22(9): 1 437 -1 440.(ZHOU
Xiaoping , WANG Jianhua , HA Qiuling. Failure analysis of
intermittent jointed rocks under compress-shear stress[J]. Chinese
Journal of Rock Mechanics and Engineering, 2003, 22(9): 1437 -
1 440.(in Chinese))

Ftfs, (B, FErE, & PN 40F NG s s 4
WA HL S B (). A A 028 5 TRESAR, 1999, 18(6):
635 - 640.(BAI Shiwei, REN Weizhong, FENG Dingxiang, et al.
Failure mechanism and strength properties of rock mass containing
close intermittent joints under plane stress condition[J]. Chinese
Journal of Rock Mechanics and Engineering, 1999, 18(6): 635 -
640.(in Chinese))

AR, INETE. WA I BT W R R R R, A i
TAE2EH], 2000, 19(4): 444 - 448.(LI Jianlin, SUN Zhihong. Study
of crack and strength of joint rock under compression-shear stress[J].
Chinese Journal of Rock Mechanics and Engineering, 2000, 19(4):
444 - 448.(in Chinese))

DONATH F A. Strength variation and deformational behavior in
anisotropic rock[C]// JUDD W R ed. State of Stress in the Earth’s
Crust. NewYork: American Elsevier, 1964: 281 - 297.

BISHOP A W. Shear strength parameters for undisturbed and
remoulded soil specimens[C]// PARRY R H G ed. Proceedings of
Roscoe Memorial Symposium : Stress-Strain Behavior of Soils.
Foulis, Henley-on-Thames: [s.n.], 1971: 3 - 58.

MOGI K. Experimental rock mechanics[M]. London: [s.n.], 2007.



