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Experimental study of shear deformation characteristics
of marble dentate joints

ZHOU Hui'?, CHENG Guang-tan’?3, ZHU Yong!2, CHEN Jun!?,
LU Jing-jing"2, CUI Guo-jian"-2, YANG Pin-qing*

(1. State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, Hubei
430071, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. College of Water Conservancy and Civil Engineering, Shandong
Agricultural University, Tai’an, Shandong 271018, China; 4. China Coal Technology Engineering Group
Chongging Research Institute, Chongqing 400039, China)

Abstract: This study is aimed to investigate the regularities of the shear strength, shear deformation and other mechanical properties
of joint rock mass with different roughnesses under compression-shear stress. Marble specimens were prepared with the dentate
height of 0, 1 and 3 mm, respectively. Then direct shear tests were conducted on the marble specimens under different normal stresses.
Experiment results show that curves of shear stress and displacement can be divided into two types: sliding failure type and peak
shear type. The climbing-gnawing process of joints goes through four stages: the compaction stage, the climbing stage, the saw-tooth
cutting stage and the completely crushing stage. The curves of shear strength with the normal stress of the dentate joint present more
obviously three-segment line feature, and a trilinear shear strength criterion is established. The curves of shear stiffness with normal
stress present a convex type, and a shear stiffness model is put forward. The dilatancy curves of dentate joint present firstly shear
contraction and then shear dilation, and an empirical formula for evaluating shear dilation is proposed.

Keywords: dentate joints; direct shear test; strength characteristics; dilatancy characteristics; shear stiffness

| (1) 2 R TR AR IR AR TE R R P e S2B
=

R LA B SR (0 B T 5, WY,
RGN E R AR M a RO R B UL BRI ) 9
SR TR BE AL BT 0 2 B4R R AT fA . i pdrp RTINS S T AR AR BRI W72 T e )

ek H . 2017-05-15

BAETH: HEARBIEIEETH (No.51427803, No.51709257); [H 5 SR TR TR (973) TH (No.2014CB046902).

This work was supported by the National Natural Science Foundation of China(51427803, 51709257) and the National Program on Key Basic Research Project
of China(973 Program)(2014CB046902).

WAEEWN AN, 3, 19724F 4, Wi, BESUS, MRS, FEAGREA R Be . BUET S TR Ak BT T RIS AR
E-mail: hzhou@whrsm.ac.cn

JWWVER: RS, Y, 1988 4FEAE, M, TENFHAATEREHEIANT B . ST R T TRIAF ST . E-mail: gtcheng@sdau.eddu.cn



%3 JE AR ORI AT TR & K o 0 D) A iR B 5 853
S i K DINIEZ 236 3, EAE— R BT Ros BT DN

ARG B D) ) 2R AR TR R — L2
| A A7 TR M ot S A g 2 AU T 5 ) T R A )
Ao BRI, BT AR ) AL T P BY 1) 5 SRR A
AR TE AR AT T 2 B R AR A R id e = ) B8
TR0 B B T BRI T BOT . ThIZRB, 5k
T ROV KIS AR T J T ARl il B ) 4%
AT A RS AR AT A PR I DU) R 15 T &5 ) 1 T B A
S3AT T R AR 1A T &5 R T BY 1) 9 B R R AR TR Ry
TIE o 2= S-S 2 SR K e b AR BT T AN
BY DI ) B ) A ARG A 1 O I B DA
AT T 1 BRAR AR ORI 2R A1 Je L 5 5 iy IR 38 2
EIRCFR . AN WIEEOER H m i B ARG T &
ANTE] — B A i e AR A, 0 b T — A
TR B K ) I ) B ) i EE () 5 e R A
Seidel Z51OR) F VR BE TR AR AT TR oA T 45
MBS YIRS, WL T B AR TR R R0k 0] v ) (AR
R . Kwon MR H A7 8 M RHEIE T Al E AR
EEATE SR, AT T B D) SR 5 E R N )
M RS R, HL TR A ALY . R
EEUARH] PRC?P Piokbr i A E R KA, TP T S
R RSB BT OIS, 70 #r 1 e R [m] P 46 ) 1
SRIERHE. HAET, = A BRI I E il 8 )5 2
WAL B V)R I 2By, (HR 22 ik
AR R S5 R T EAT % BB IR 9T, AR LR
FH s R34 T8 465 A T J2 B D105 1) SCiR o

B 4 A THT P BY 5 5 RS T THI T 9T, AR 2
FHWHAT T KR TAE. Patton! & H T #i ik TE 45
By P s A S, RS BRI [ Y. )
HEE R N 24 I PR A A o A 10, 0 43 1)
N ) 4 AT S C 3 i BY D7 i R AN BEAR 4 1) 1) 1
Barton 5FUMI7E KSR 50 20 I LAl B4t T SRR A
[FPAEDRE FE IR BT BT s 20 2, AH A o e R 30T
SREE SR FH &5 R Th 50 Th1 2 5 i 700 8 by 1 50 1 g 28
XEHUE, RA®KMANPE. Ladanyi 505141
IR T BRA S T B U R 2 O RAES . A AR
O HTEMES T a5 pisy R AL, BARA
KPP SOEMWT, HSERZ, MELAE) .

h T R SR B UINIEE . Barton SEM4MER 1
BT )RS FA B K R 1% I BY 3 g 5t ik 3 e
HBY UL, $2H 7B UINIEE 5 A 20 5KiE
SR I ZK YR b AR T i A [ 6 AR A £ (1) &85 449 1
BIYIALG, i % Barton B UINIRE 2 A3 H T 8YY)
NIEEA Y . Bandis SE0 M 0 e T R AR BY

FERE AR . BB DRI TS, E R e
5 RGN ) RIS R N S5 36 BT VI AZ IR o ok
W] SRESFEIT SR T B DI AR PEREAT T 208, IR
DLGAR AR . R I AR SEOTIRE ST T IR BE L —a A S
T ERIBY DR L, T3 Mt 1 R S5 A 1T B TSk A IR
WLt TKATIESEISER K P 0 AR TT e T A KL
Sk By IR, DA AR AR oK B 1) Y
Hp, GRTITRCA 5 OL RIS . 1S S5 R I BY
BREFPERIBE S, EZERIETE M3, SRAE
BT D

T 7 AR FUAN [T ALL RS J58 45 Ay o AR B 7] g 2
R, AR T A A DR R BE (KBS HUU A T
SR, TFRE T AR R N T 25 AE R ANTRTES AR v P
Ny S WISyl Al TRERI A A I A7)
JE AR TBAE )y Rt o FE T Patton XUZK MR EIIR,
TR TR A TSGR TR B DR, vy T =2 BEs
Do e, JF A e 45 R BT T RilE. fErEIE
fifi b, B T BTUINIEER, BT T A R B AR
P, AL T VPO BT A I 2 6 A 5

2 AR T

ARSCRH KBS R KA R, EEHIE T BE
3 FIASTFERAR R CRAG R L =10 mm, Hiik s
h24 0y 3. 5mm, HPFEAMf A 0%y 31°, 45°)
(R o TE S5 AT, i BN KR 5 A, 3R FE RS
4 50 mmx50 mmx50 mm, W& (). il
WAL 10)FT7, B 1(b)H e B4 4tk e AR
o 0. 3. 5mm.

in“/\ﬁv\

(@) JLREE

(b) HEATESH T RAE
B 1 REAFRE SR

Fig.1 Marble dentate joints specimens



854 = +

Y/ 2019 4

IR N 26, AREAE B I BURHA KRS
BEHEAT, RN RN E 2 PR, R RTAR
WP LR G, R RSP e WU BB AR
NG et AR AR LA A a5 A T VA,
FHRE R b, RS IR  E TSIy
6] (R 170 N g AT SR T 1 BB U0 0

B2 BEkREREE

Fig.2 Schematic diagram of tilt test principle

HEE R N AT, R AE RMT-150C %4
AT ARARIG ML EEAT o 3 FhAS RS AR g 5 i )
Vi B 45 R 53 BIAEAS IRV i) B 46 A 04T e BT
B, RN 150504 0.50 1.0 3.04 5.0, 10.0. 20.0.
30.0.40.0.50.0. 60.0 MPa, B LJ340% 3424 0.005 mm/s.

3 ISR Kot

3.1 fERHRR LR

AR TR A BTRR IR ™ A% 42 2R 2 9 s
R NENUE BT, BEE WU 4 RIS, W B
HLE Y AR TR ) 20 S TR, W S R T K
EIEWTIG I, IR FORES, RS EE S R K-
3 1) BN A5 T AR AR 5 AT B RS A1
H G5k i BESERE ) 2 AN, R AT AR S A T
R, R AR A AT B Sk T A R
(RN N ) o), FUBT ) 7

o, =Gcos (D
r=Gsinfg 2
r=o,tanf =0, tan(i +¢) (3)

b g, WE A ISR TR A RS A

IR N AT RN Z R UK 1 PR
IR A RRY], X TR Ha ks gt i, AN
IR, SR T P A T A6 3 I A R A
Mo ARPEIC (3) WG, ARIE IR )R Y5 5 L i
IR RN AR A B R S R, BURE A

FEURTE B I TR0 A 5 ASAH IR, 4 U i JE R 02375 mm
Oy AT F Y = Sl kb AR e w2 NN S S (B B s)
32.47°. 63.63°. 77.33°. RSN,
BETFURHE B 5 (1 PS50 AR B N, 3 WA ) B
73 B A7 v 52 R 38 o B 1) i A T R K

1 ERHARSR
Table 1 Tilt test results

B h LERER G RN e BIN e ifhp

/ mm /N / kPa / kPa /)
23.5 9.40 0.095 33.1

0 22.6 9.04 0.090 32.8
20.8 8.32 0.080 31.5

24.6 9.84 0.193 64.5

3 23.6 9.44 0.183 63.8
22.0 8.80 0.168 62.6

254 10.16 0.242 78.3

5 26.1 10.44 0.246 77.5
23.7 9.48 0.220 76.2

3.2 SMHEBIYIMBRE

HPEEIR N AT, SRS 2 W HRAER s 7
& NTAS BIAN DR o FEE R4 T8 45 R T P BY 5 g — 8
Uik thde, ikl 3 Pros.

WIS S5 R, X T oA 0 mm 2541,
[F—VE W N 440 T, WIAG I B BT DI A% ) 3
. BN il R A, MR BIB DR S,
BN JREAE TR e, RIN A shis A R i 2k,
FEOR TS A N, USRI B) B
AT AR AE o ANFRE W N )50 T, B
VRN S0, WA BY RV O 2R 0 HLIG K P i
FESEAAN], RHBIPIRAIIEA R RIS, [FR
W M2 IR WA GG, R BTU) NI
PEREAE I 1n) N B3 I K .

XA A 3 mm Al S mm (G5 R, [R5 1)
NI SAET, BEEBIUIAIRE RGN, BYN el
MK, BIRE BT AL S KK, RGBT
SEAH (BRARBIVIREE, R oy A s, +
BT 1T 5 R T AR B T g B ) R R AL
ANENE N )54, BRI g (3G, e fi
BYRY g, AR iR A R 2= R, A
i £ Rk e AR R I AR S (i B - AN AR ], R B BY
1) i FEE RN BY T B Bt A5 25 1) N g () 388 52 A e 1 44
K.

ML N KT 10 MPa I, 2R EME, =
B TR ) N ) B @ 354 3 e 35 D47 % 11
WK MYk RN & T 10 MPa B, T TSI



R Ji R

KB A T 465 4 T B D0 MR B T 5T 855

GIATI, MLRERILR IR, HREL N
RT3 0 o e R A A B, AR BT DTN A2
PRS2 8 A TR B R P53 o

35
6
30 | | == 1 MPa
s 2 e 10 MPa
% 3 20 MPa
2 20 4 e 30 MPa
215 5 e 40 MPa
®
10 6 50 MPa
5
O 1
0 1 2 3 4 5
B Y)f#% /mm
(a) h=0mm
1 0.5 MPa
60 r 2 e 1.0 MPa
3 —— 3.0MPa
30 4 5.0 MPa
< 40 5 e 10.0 MPa
% 6 20.0 MPa
2 30 7 e 30.0 MPa
E 8§ == 40.0 MPa
=20 9 50.0 MPa
10 10 == 60.0 MPa
31
0
0 1 2 3 4 5
B YIS /mm
(b) h=3 mm
60 1 0.5 MPa
2 e 1.0 MPa
3 e 3.0 MPa
4 ——— 50MPa
© 5 e 10.0 MPa
s 6 20.0 MPa
=2 7 ——— 30.0 MPa
2 8 40.0 MPa
= 9 50.0 MPa
10 ——— 60.0 MPa
11 e 70.0 MPa
12 80.0 MPa
]

5

SIY) 4% /mm

(c) h=5mm

B3 AENERN S BN -BI VI B R R 4%
Fig.3 Relation curves of shear stress and shear
deformation under different normal stresses

3.3  S5HTH BYRAFAE

T She 5 25 R T B DRI FE rp, T AW %
) S AL I (10955 17 A2 T B B DI RS 1 388 Jon e A=A
W, 3 A R A N VR R I 4 RTE Y
VRIS S R T A D Ak i TG (i kit . LA Mg T

BRI RS ALK, VEMNI RS P AR, R4S B4k
PRI BT 2 Mk . ARFRIGEE R, W4 dim
(h =3 mm). AL N ) 44F T BT RS 7 i 2
Wl 4 Pros, [F-3km ) (1 MPa) AR
FE A B IR At & 5 o

1 0.5 MPa
08 2 e 1.0 MPa
0.7 Q3 e 3.0 MPa
0.6 [ 4 e 5 () M P2l
0.5 L 5 cm— 10.0 MPa
g 6 20.0 MPa
04
§ 7 7 30.0 MPa
59T § ———40.0 MPa
F 02 3 9 50.0 MPa
B oor b 10 === 60.0 MPa
0.0 J
01 71 4 5
4
-02 - IR
: BY Y7 % /mm

B4 AREFRRNA T WY AL (h=3 mm)
Fig.4 Dilatancy curves of joints under different normal
stresses(/2 =3 mm)

040
035
030
025
020 F
015 f
0.10 F
0.05

0.00 &
~0.05 1 2 3 4 5

B R/ mm

AL mm
N
=
Il
=]

5 1MPalNJj FEMHEBIRKT Al

Fig.5 Dilatancy curves of joints under normal
stress of 1 MPa

M 4 w51 SRR N 260 S5 I BTk
PR EAEAE W] S 1 2250 BYAKY 7% h 2 2 A AR ] o
BURIEIR N ) 2AE N AEREINET N ) T a6 T B
SRR AL TR AR B, YK A el
SRR BN AR LA BRI i
Ja s WREABUT ARSI g N, BT 7 2 i 52
W] (R R FLARRRBEASHR], I I A S5k
[ NI RN R, 2O a3y D) e
HH Bl A ) T 280 5 | 445 T 2% 17 467 4% W Sk o
K Bl KTIIR S, KA TR EN] B2
e, BIRKY A s TR, 322 th TS5 AT
e thr B BT JE WA BT S R TG S . Bk
IV S S N PR LR VR A SRt E SN SV ER &I TH N



856 = +

b 2019 4

B, SERITE I AT SN B, FE BT
LA B B TR A v ) N R BT D) VR R BRI
TR 3 I

H P 5 RT3k ) B 4 A S AN R 4 v
FERFESE M B Ky A it fr e — e 2%, W T
WiEh 0 mm 5T, BEAE B DI B I, &
A HILH BB RIS, AR TR
i A THE A 3 mm Fl 5 mm KSR, 8IS
Mg AR AR BUHE T, A& 3 mm 451
T T AR 375 (kS R I, KATEBI VI | mm
g, A KB E B 2R =0 5 mm (455
K.
3.4  S5HTH BYPIRERRIE

SO AT AT ASIIE, T3 0 A BY 14 4 25
S FEETUIRE . BV BYKARESE ) S
A PIARA R R o T gl AR sk B A (R ) Y. g
A TC A BY A i R AR S A A IR R AT 23
Mo

VI 58 R AU R T J B B 0 A it o
WG MBS IKARRAE , (H T AR A B A, BY
PR seu N S AR (SRR =[5/ g IRvSNiNN 87 SUN PN
SCRA KBS AR AR T H B, X ik
k5 mm (1) 85 AT BY U 3k R b AT U G I BY oA A AR
FHEHEAT 72087, BYOIRERE R W& 6 B, W%
SER T BT UIREIRREAE , P B D) 2 o B A A R
ARG 4 AN B QIR E B, tnEY N )
IRIGG, AERATH 2 [A) (R S BRI 235 A4, 4 R TR
FEARRE 48, W 6(a)fin; @IEH BT B,
BE A BY DI B I 0 45 R4 T e v B oA 1) LT3
AR N ERE, WAPEAR I B, B RS
WK, X BB UM 2 LB/, anlEl 6(b)
Fiss Pk B Wi B, 48N I8 4 U 45 44 1T

(a) WIHRIRE B (b) TEILBIRKR B

(c) Huth BTN B (d) FFHHRIERT B

Bl6 HRkas T B DA R

Fig.6 Shear failure process of dentate joints

HUBYHREENT, PRti BT, WKl 6(c)ian: @FfE
BRI B, Bl oA B B IR S, A1) N L R B R g
SEIRE R Bl % P WA, e ol 48 0 T B A7 58 A
RPN, Wi 6(d)FTs .

PRI, RO ORG T 405 4% 1 TR 3 B 7 20 1 s 3 B0
P BY DI BERFIE B JIARr P S5 AR A 1 2R IR

RIE I N 44, PR 0 T 4544
VSR A A BBy, 4oh LT RA . T
BN NI A AT 5 AR T (R A4 S TC R s B T
PO Sy BT, SRS G5 A TV B I B PR
IR H 5y BYG 5 T S BEEEROA ] ().
ENER N ST, e Aaim ey, HaleE BR
A BRIk R EE, Wil 7(0)FTn, B Rk
)R BAFAE SR DL IR AE o

NP8 H U] 247 7 45 Ay T B DD RBEIR i B Ay B 11
BRI T LUE Y, ARVEI N )T, Biikipl
WA BT, fEIE N RBIYUER R, TS
AL TSl ARE TN eI IS 954 N E S RTAS VIR N
M ARFAE, A1 8(a)fTar: kI N AR, B
VIR e A BY IR S, AR R ) ) B D) g 4
T, RE AR S AR BN ), ik B A
PP SE, RFES R ALK PIOR, Wi 8(b)FTR.

ANTRIE T N 46 HE TR, A 54 T B I S
AR 72 5, 3K P G 1T B V) i FEE AR AH )

(a) #BAFEIA (o=1MPa)

Bl 7 BRI TE A T BY VIR JE R AL

Fig.7 Shear failure characteristics of dentate joints

(b) &8Ik (o=40 MPa)

(a) WY (o=1MPa) (b) KPR (o=40 MPa)

Bl 8 HEATE AT T I HL SRR

Fig.8 Shear failure SEM characteristics of dentate joints



R Ji R

KL HROM) 247 T 5 K T B 05 P R B 9 857

ARSI, R SCa il — 4.
4 Skt BY O ) R

TEE8 3 g 45 R A Rl b, & =
LRELB USR] BYDIRIRE AR YKy A
e — 25 347 6
4.1 S5HHTH = BBy DR R v )

PR PR RS, RO 1A T &5 ALY T P40 BY i
T2 B P A A B A 1) i i R BEL ) AR A 5 |
FEC [ N I 6 P BEL ) TR Jo G Ladanyi 25051 H
(P VT T A TP BY o BE A 5, WA BY J oy B My 4
FATTHT (™ FECAA BT e 1 260 5 R Sk 5 A T ™ A T
[ EE R S W8 o el . R THI, 5T Patton (1R E 2k
BYDISRERAL,  OPAN RV ) B 4 A R 4 B
SERTH BY DI EERF R AT 200, e Sr T4 &5 44
i — 2 B BT DI B eI, 5 i AR AR St &6 Sk
1T THAE, B R AN [RI B B 1 46 R T 52 ) A5
S FE 2wl 9 s

o
T . lo'n lcr"
B 3 T

2. b

(a) &3 (b) e BT U5 (c) Btk
(BT Fy ) A e
T
7 i
s Q@L@

A\

o

I

VIR o,

a
a

(d) =R B gAY
B9 fRikGHE =BTy R

Fig.9 Trilinear failure model of dentate joints

(1) FERARIE RN 460, SRt vy e oA 1
e, ERAELFRCATIWT, Wl 9@PR. 5
J¥ g T2 e A Y- E A R i R RH g RS AR A1 5 1
T3 BERL I AL, T R7s A

r=0,tan(i+¢,)

Kb o N 1 AT R

(2) FEPERARMN AT, SRy A ot
TEHJa BT, MRS  BIW, i 9(b)Fra .
BYRY ) B dra A AR T REREL ) AR SR

(o, <o) 4

(RITCIEEEBEL g B W o8 o o A A e i PR o 2R 0
b R AT G R EE R SR G TR

n na
o —0 o -0
z‘:c[“—ﬂj +0n tan l(n—er +¢b
Ory —0p Or1 = 0ry
(o, <0, <0,,) (5

e m AR AR E no A TEI A 5916 FR 4L
Oy A 2 e e AESEPR TR, T TR,
Pk (5 Witk r=c"+o, tang’, WK 9 ikl
LR .

(3) FEB IR N 5 AT R, SR TR S
A TE EHUTH AR BT T, (A o8 BTk, W&l
9(c) 7, BY N g 2 B p ™ A v S S 5 BT 5 110
FHEE IR I AR T I BERH T4, RN A

T=c+o0,tang, (o, =Z0,,) (6)

T8 IR AT BUAS [F] [n] B g 464 R AN [ AR v
JE£ (R DR B oA T 6 Ry T () WEAE BY D)9 T, X T
oA 0 mm [R5 R T, AR PBE 2R — PR it B BRR R AT
M, WF S 3 mm F1 S mm gE R, R
= BOTYR B BT A, B A SRR 45
XS 10 B

70
60
50
40
30

& AE BN J1/MPa

20
10 F

0

%17 ¥ 1 /MPa

(a) i 0 F1 3 mm

60

)/

£

=

3

El; ¢ hZ=0mm

g B /=5mm

512

- = #RJl4

0 10 20 30 40 50 60 70
1% 1] N ) /MPa

(b) i 0 F1 5 mm

B 10 BYTIE 2%
Fig.10 Curves of shear strength



858 = +

Y/ 2019 4

R LR, X T4 0 mm R,
WAL B I3 g 5 9k 1) [ g 0% AR T e AL S L
FHBE A VSR TR AS RS 1R 32.68° .

XA 3 mm F S mm 45 M1, BYY)5%
JER R MR L = 2 B s eI B L eI B A B
BIA Bl IRVERN ) 4T T, Sk s S e
BN, HBTY R ih il 2 AL ik
TIFAN, SR TH A U SE Y 5 B i, BT D)o
LR SR, AR ) B ) 3 53k ) [
ML BG R N A PER SR A A
BT, YD) L A

SHERIORIER, dits Z BTV R 2R
X (@) ~ (6), MThmEHN 3 mm Mg, #2
HOEUEWR: =32.85, ¢,=30.75°, ¢=19.908 MPa,
o= 0.4 MPa, o7, = 30 MPa, n;=0.513 3, no= 12.49;
P S mm AT, SSHEIUEA: 0=
43.85°, ¢, =32.76°, ¢=13.571 MPa, o= 0.5 MPa,
o7y =24.5MPa, m=0.3633, n=803.5. [ 10
UL, 3 2By s LR I0 20 sORNASG 45 Ak
AKW)E . AT REh 3 mm Al S mm L5410, &
VIR Y )R AR B I R A A 1) T
SRR A BESE A
4.2 M BT YINI AR

SR TH B D)W S AR 25 K40 T B ) A TR AR IR 1)
LR bR, A SORE Y. - BY YIRS ith 2 b et 19
F A B B I DB SR SCA BY DN K, i 11
7R o

v/ MPa

u/ mm

B 11 BRI R

Fig.11 Diagram of shear stiffness determination

_or
Y du

K D
X u BT S .

FRAE B 11 1 5E X SCHR[1S, 19196 T 45 44y T i
5 BE TRAIE IR, IF25 e VA 10 N ) KN BB

i BT LU RGR BV AE Y D)5 5 T N BT DA A
(KI5Em, St T SR BT DTN R T

o, tan(¢r +ie ‘% )+ c(l —e )

lo,+m

e g NTRAREREESA, AR TS 45 R AT N
32.68° s a NCHE AR REL b ANFR SR REL
I m N5 A A 5 R Ik e P AT DR R 5

FRPE ARG 25 51, 45 A6 THT BY D) W PR 53
B W LAl 12 Biom e S HUE R : 0T ik
oA 0 mm ST, i=0, ¢=0, [=0.0017, m=
0.861 4; X T-ihiE A 3 mm MZHIH, i=31°, ¢=
19.908 MPa, a=0.145, b=0.0474, [=0.004, m=
1.117; X F sl S mm R4 /T, i=45°, c=
13.571 MPa, a=1.08, 5=0.1291, /=0.0049, m =
0.628 15 MELE 12 FTLURIN, BB A 5 iRE0 45 1
FARY . TR 0 mm ISR, BEVE
DI, Y DI SE A 2R MR Xk ok
3mm Fl 5 mm RSG5 RTHT, BEYVE RN 7380, 551K
J 2k Rl AR ek S AR LR MRS I, iR A R
A, JF HBEAE A BB i, e B
BRI, U BB A BT B D) NI il £ AR Ak R
A — 1 5 .

(8

t

YY) R /(MPa/mm)

%17 ¥ 1 /MPa

Bl 12 AR R BE T BY U I BE s [e) I ) i 2
Fig.12 Curves of shear stiffness with normal stress at
different sawtooth heights

4.3 SISt

(ERZ I I TS| PR S TPV s N (G575 VAN
s A AR 28 268 B DT R v PR AR AR K A2 A AT —
SERW. AIEL 4 TTUL 2SR, ANk rm B J) 4%
PER ORI IR 2 AR, Bt ) 2 7 48 0 A
TR RN EiF 2 R Ry ) M PR LI A PN A =8
FEARRRARAC I BN 3R . O 13— AR
A 2l T 13 WA 3 mm B SR TR AN )7 )



R Ji R

KB L 4 7

SR THI BY D) G Y 859

I3 AT BB R I A R A AR it 2 AR
WA R, PR T ORI IR B ) Y AR
AL/

- 9

- n
a,c" +b,

max

A v AEKBIKE: o MERN T a, n.
b, )0 5 LS KM R W& ES kS
B S, TLOAA a,  n A TR R AL,
1/ b, Ay 2R 1 B K BY K B w] A A e

WA ok 3 mm S5 R B YRR 4 R, AR
(9) HEZH I F{H: a,=1.847, n=0.713 2,
b,=0.333 3. M\ 13 ATLUREL, 25 A0
e 4 AL AAH T o

12 r
1.0 F
g 08 f
é 1 ETON <
K 0.6 — ARG R
= |
X 0.4
u
& 02 F
0 1 ; J
20 40 60 80
-02 =

210 ¥ J3/MPa

B 13 AR RN &4 T BRBTHK R AL 2%
Fig.13 Maximum dilatancy curves of joints under
different normal stresses

5 44w

C1) AN [ AR s R 0 A7 T 445 g 1 B 1 g — 81
YINI# e A7 AE B 22 5 X T 0 mm (145
Ryt BYN ) -BY U B i Ze st 2t n, ek T
IRV FEIW AT S PR Y s 614 5 04 3 mm Al S mm
IS5 RTHT, BY N )-8y DI R i 26 se et i in, k2
VAP BY N ) I Bk B o FE A TR 8 (BRAR D),
I Ay WAL B TR 2

(2) TEHERR T G546 T BY UIRBOA R, JfRe Y
)ik R v Al oA € 3 BY U 1R AR IR I R K1 43k 4 AN
Bl WG RS M B IO BT E B B A B T B
B AR B o

(3) T Patton FRIXUH L BY VI L4560 A X,
LT SERBLE VSRR, AT T & BB N ()
TR N5y, TSI T AR I Y 4R AR
@I J5 BY LA B V) ) 2R, B FE 2G5 ) A EE B A1y
AR, AR A 30 KB AR AR b s )
I 44T R 2 A T L B e 45 IR AR — 3

(4) F B RNL I N KRR EEEA . iR T
D3 B W AR BT D)9 8 X B IR B VI R RS20, 31
T SR TR Y DRI AR, AR 20 3 4 SRS
ZNV/EE

(5) XTE R BY AR RAF TEREAT TIRA T
SRR 7 i 2 A2 A AL 2 S22k i) N3 R R /AN &
eI O BE T IR ER T S KB I R Bt ik )
I A a2 5, G o8 U5 IR 2 R A AH
G

Z % XX W

(1] VFol, SRS, A6, bR 120K it 2o 30UR Wit

TR R VE DT[], A J128 5 TR,
2009, 28(6): 1183—1192.
XU Qiang, ZHANG Deng-xiang, ZHENG Guang.
Failure mode and stability analysis of left bank abutment
high slope at Jinping I hydropower station[J]. Chinese
Journal of Rock Mechanics and Engineering, 2009,
28(6): 1183—1192.

(2] B3R, WRIE, KK, &5 SRR T 2 4k Timxs

TN E PR R AL BE)]. A 5%, 2014,
35(8F 1): 328—333.
LI Mei-rong, CHEN Yuan, ZHANG Lin, et al. Impacts of
multi-structural planes on gravity dam foundation
stability and treatment under complex geological
conditions[J]. Rock and Soil Mechanics, 2014,
35(Suppl.1): 328 —333.

[3] ZHANG C Q, FENG X T, ZHOU H, et al. Case histories
of four extremely intense rockbursts in deep tunnels[J].
Rock Mechanics and Rock Engineering, 2012, 45(3):
275—288.

[4] i, okEE, FEARME, AR WR R AR A g EE

WHIRRHI]. A A0 %S TR, 1998, 17(6):
624—649.
PAN Yi-shan, WANG Lai-gui, ZHANG Meng-tao, et al.
The theoretical and testing study of fault rockburst[J].
Chinese Journal of Rock Mechanics and Engineering,
1998, 17(6): 624 —649.

(51 VRWIZR, SR REU A 2L 454 1 B DR A AR AR L 3K
WHTI]. a4 1% 5 TREAR, 2010, 29(4): 713 —
719.

SHEN Ming-rong, ZHANG Qing-zhao. Experimental
study of shear deformation characteristics of rock mass
discontinuities[J]. Chinese Journal of Rock Mechanics

and Engineering, 2010, 29(4): 713—7109.



860 = +

71

2 2019 4F

(6]

[10]

FRIE L SRR, TG, AR SRR BT UPIRA T
T35 PEWEFU[I]. /K SO 5 TR M i, 2012, 39(2):
37—42.

ZHANG Qing-zhao, SHEN Ming-rong, DING Wen-qi,
et al. Study on the mechanical properties of rock mass
discontinuity under shear condition[J]. Hydro-geology
and Engineering Gelolgy, 2012, 39(2): 37—42.

R, U, XU AN BT OISR R S A B
BERFPERT L] A A % 5 TR IR, 2006, 25(12):
2435—2440.

LI Hai-bo, FENG Hai-peng, LIU Bo. Study on strength
behaviors under different

of rock joints shearing

deformation velocities[J]. Chinese Journal of Rock
Mechanics and Engineering, 2006, 25(12): 2435 —
2440.

AU, XU, NG, A%, LRI A B B A
TE R AE RV SR WL IR FE (). 24 -1 D3 %%, 2008, 29(7):
1741—1746.

LI Hai-bo, LIU Bo, FENG Hai-peng, et al. Study of
deformability behaviour and failure mechanism by
simulating rock joints sample under different loading
conditions[J]. Rock and Soil Mechanics, 2008, 29(7):
1741—1746.

AN, AR R R R A B Y ) i
MR B 0], A oE TR AR, 2011, 30(9):
1810—1818.

ZHU Xiao-ming, LI Hai-bo. Experimental study of shear
strength of joints with first-order and second-order
asperities[J]. Chinese Journal of Rock Mechanics and
Engineering, 2011, 30(9): 1810—1818.

SEIDEL J P, HABERFIELD C M. The application of
energy principles to the determination of the sliding
resistance of rock joints[J]. Rock Mechanics and Rock

Engineering, 1995, 28(4): 211 —226.

[11] KWON T H, HONG E S, CHO G C. Shear behavior of

[12]

rectangular-shaped asperities in rock joints[J]. KSCE
Journal of Clivil Engineering, 2010, 14(3): 323 —332.

FROMERE, VE T, RN, 4% JET PRFCP B IR K
S 25 A T B O R AR PEWE D). A )4, 2016,

[17]

[18]

[19]

37(4): 1031 —1041.

ZHANG Ya-hui, WANG Ding-jian, TANG Hui-ming,
et al. Study of shear strength characteristics of
heterogeneous discontinuities using PFC?® simulation[J].
Rock and Soil Mechanics, 2016, 37(4): 1031—1041.
PATTON F D. Multiple model of shear failure in
rock[C]//Proceedings of 1st Cong. ISRM. Lisbon: [s.n],
1996: 509—513.

BARTON N, CHOUBEY V. The shear strength of rock
joints Rock Mechanics
Felsmechanik Mecanique des Roches, 1997, 1(10): 1 —
54.

LADANYI B, ARCHAMBAULT G. Simulation of shear

in theory and pratice[J].

behaviour of a jointed rock mass[C]//Proc. 11th Syrup. on
Rock Mechanics: Theory and Practice. New York: AIME,
1970: 105—125.

BANDIS S C, LUMSDEN A C, BARTON N R.
Fundamentals of rock joint deformation[J]. International
Journal of Rock Mechanics and Mining Sciences, 1983,
20(6): 249.

AAIAE, TR, XU R T SR TR R i
P B BT [9]. A0 1% 5 TRESAAR, 2009, 28(1):
103—110.

ZHAO Ming-hua, LEI Yong, LIU Xiao-ming. Analysis of
load transfer of rock-socketed piles based on
characteristics of pile-rock structural plane[J]. Chinese
Journal of Rock Mechanics and Engineering, 2009,
28(1): 103—110.

TRAGIE, TEWIR, GO AN S ke i B VR 1 1
WEFE[I]. VPRSI K2 244R, 2015, 50(6): 993—1000
ZHANG Ju-lian, SHEN Ming-rong, LIANG Zhi-rong.
Experimental study on shear strength characteristics of
irregular rock mass Journal of
Southwest Jiaotong University, 2015, 50(6): 993 —
1000.

JING L, STEPHANSSON O, NORLUND E. Study of

discontinuities[J].

rock joints under cyclic loading conditions[J].

International Journal of Rock Mechanics and Mining

Sciences, 1993, 26(3): 215—232.



