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Abstract: The paper summarizes the research progress on several critical issues related to the mechani-
cal properties of rock mass structural planes under cyclic loading, encompassing four main aspects: (1)
morphological information on the surface of structural planes; (2) cyclic shear test apparatus for struc-
tural planes; (3) influencing factors of cyclic shear test; and (4) description and characterization of me-
chanical properties of structural planes. Based on the review of existing research results, the unsolved

problems and future development directions are pointed out. At present, there is no unified criterion
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for describing roughness of structural planes, and the shear apparatus that sufficiently simulates seis-
mic loads in unidirectional shear still needs further development. Furthermore, normal cyclic loading
tests, particularly coupled tangential and normal cyclic loading shear tests, require further investiga-
tion. In addition, a comprehensive theoretical framework that considers all influencing factors for cy-
clic loading tests is still lacking. Selecting appropriate deformation and strength formulas for structural
planes remains a challenging issue. Developing new dynamic, multi-degree-of-freedom cyclic shear ap-
paratus and conducting comprehensive research on deformation and strength formulas for cyclic shear
is essential for advancing the study of dynamic shear problems of rock mass structural planes. It is
hoped that this paper will provide some reference and basis for future related work.

Keywords: rock mass structural plane; cyclic shear apparatus; mechanical properties of structural

planes; review
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Fig.1 Direct shear test and corresponding result curves of rock mass structural planes
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Table 1 Parameters of domestic and foreign existing shear apparatuses
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Table 2 Empirical formulas for calculating normal stress-normal deformation of structural planes
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Fig.6 Shear stress-shear displacement curve of structural

planes
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Table 3 Empirical formulas for calculating shear stress-shear deformation of structural planes
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Table 4 Calculation formula for dilatancy angle of structural planes

A=
At AR AR AR ]
H)
i d
Barton #4781 z'=arcran(d—;’) oy T P R RS R KR RS 1Y
Qﬂ:
; Ladanyi fil Archambault ay_(lo'n)kt o IR B IK A s o S A BE Y SRR BT TR SR 5 0, S N 4 9 e
TR du " o) N MR B RG T B s KT R
» Schneider 5 %1757 i=ie i NI UR BT AR 5 o SR T BR T 1] 82 T 5 A ARS8
- — o i R0 0 BT AR 5 o o 2 B K A 0 BB 5 We Sy )
fik Plesha i 7115 i=ijexp( — cpWP) ‘
. i 98 3

Ting LR

2
. . O.Y\
=i\l ——
o

o N HU BT R I 5 AL 244 F] Ladanyi £ 75

A R 2 R T A A A 2 S R R A R Y SR
AR REE . i RZ2H L+ RAFN ST, 450
IR R AR T S ST . ik O ER
R S A A TR A R P R A BRI AR S, W 2
AT AS TR TR A R T i e B B S

42 HHEEEUHRRERIE

R AR T A1, 25 46 T fe 8 200 ) 2R T 2 — 2
BTy 9 B, 45 0 T AR 57 DAY L AR b A AL A
SR BT BY IR R R AR Z T Bk, AT
T2 ARE A T (E ST ST R A YRR, F.D. Patton
4 AL P R o )R A 0 (B U R Y I
FEA 2 — o Rl g 245 R R0, R 8 HE ] — i
Al LA ok 3% 3 G5 AL T Y By g i e e
F.D. Partton"""""" 1 M. Goldstein """ ff} Newland
1428 A R AR FE A ) R 7 (4P BY SR B 7 R A )
N 3T WBE Ry AR E D HR S b A A A
THT Y W 1 B 1) 5 0 4 AR M Y, 28k it R o DU

55 OREL R 235 46 T 5 T 5 U0 A S B A AR AE — o 1 2
Sl B Ladanyi 85 2 6 14 1 45 K T 2E AT
B TEAH 43 B 1 59 U)ok AR b S5 TG 32 RS
R BT U HRHT 7 02 48 o i O 4 S — R T
SYSR B . HAE [ AR R AR G5 A T — B AN L
(4, 5 N. Barton ™ 41 ty T 25 7 45 ¥4 T8I 19 06 {8 $T
BY 5 7 JRC-JCS J7 2, 1% 7 FE B e P sy s JE i 3
AR AT LAY, B FE A EE 4R 43, JRC 45 il i JLART 3B 43
Fl A BE SR BE 2y, T Barton £ 56 A XS 800,
TR A S R R % s RO HE I B e Y Bt
5 5 BT F B A S SR Al AR TR TRC B R R 2
— 7 W, H 45 b TR R BE A WD RS RN, R
J& S. Barton % % HR 5 AN R R F 45 #4) T T BY 9
0 TR RS &5 A T B ) 5 RE B b R A
B.W. Zheng %5 " H T — A [ i 25 g RS AT )
) 55 V) 5k AR e, 5 LURT A C & Ky B A L,
B BT YR AR A — RS — R R T
JRC-IJCSHERIY & J& o By T OHLEE B 0 58 i S 80,

1215



PL G. Grasselli'™ k8 3 i 2% 35 1 5 8 A %% 89 1) 1
FRAE BT 57 o 2 MR vh iy Bk . 7R Rl S 09 T AR
B, 24 5 T 25 23 18 Hh AH O g R A AR DL A TR 4 4
T 0 5 5 B 8 X UL 5, e rh AR 4 0 5 5 A A W]
LLF 4 Barton i ¢ A AU | & {17 5k B 32 U T Barton
BEAL, 5RO 4R D LR B 2 800 A Barton 154 7
HEAT [ U5 G 7400 1982002000 0 G 0 A3 T BY iR AR
RS2 Y8 F Grasselli #5841, 5 53 ok 9 5% 3 F Grassel-
Li Jir 46 3 T8 35 2 5088 108 B 0 5 5 B2 0 5K, R T
TR0 At B 24 g T ) U (L T B iR IR — B
5L TR R A AR RS Y O T B S e 5 R T A R

ST R TR — 5 A AR DU 3 5 T B e F 5
8 V) T RELARE B ME T R ST P B R A S AR
H 45 #1089 5 8 A AL AR £ {4 Barton
LAY HA B e T B JRCAE, T /& JRC
FE Y5 ¥R A S A A R TRC A HE B PR BN AT HE
S AR Gn 5 ARGE B B BT 3 B R 55 JRC, W) Barton A 7Y
222 £ %N R TE S, T Grasselli 2888 B 7E 2 20
B AT R BT BK A 0 & Je 5k R AR A EC A
FOE Ay, Hofth 2 38 48 1 0 35 F R 50 M 405 1 22
3 A 2, DO AR HE B O 28 e At 25 1 T A g T,
3 B\ SR AT W 1 P B

x5 EHEMEREREEAR

Table 5 Shear strength formula for rock mass structural planes

By ARARK HEIFAEN

SR

c<or,t=o,tan(g,+ )

1 Patton 51 %11

c>or,t=cto,tang,

2 ﬁﬂ;*ﬁ ﬂ[w]

=0, tan( ¢, + 0.115a, )+ 0.012aC,

or WL WRLS) 50, MK RL ST 50 BT TT @,
o A N BE A5 A 5 81, h BB T AR 5 ¢ SR 2R
T3 5. N HEA N EE 4 A

Cy W EATINEER I1 5 0, AR 1 s HoAL S

A [H] Patton £ %Y
Schneider ) i AU B K A s 2 R BLA S 80 HoAh S 80
) r:antan[zo exp( — ko) + gah] B
o Patton i 7§
e ) o \" ey HNESHL 0 R SRR SR 5 AL S 5L
4 Jing i #4 t=o,tan|i| 1 —— | + ¢, o
0. [7] Schneider % %1

5 Liu +§ ﬂ[zm

JCS

6 Barton & 71 1% 7= 0,tan ':JRC(lg

Grasselli
F% ﬂ[m,zu]

T— o, tan |:¢h + (‘9*/71)()>88hea("':|

)+ %}
o,

Or |
T=o,tan| ¢, + ol 1+ exp| —

(1— as)(an tani, + o, tan gan)-l- a,(co—&- otan goo)

O Y EAE SR 5 h R G5 K Y BE s ok = B
FIT I ANE 0] 11 5 0 N a0 B BT IR B T 5 HE
it 2 %4 [R] Patton £ %Y

JRC g 25 46 TR BE R 885 T C'S Sy 235 14 1 4 B
4T R 5 5 Ho At 2 88IR] Patton 62 7)

O M 35 KARAT A 5 A N B KA f i AL LE 5 C
SRS BE S8 0 R B0 BT R SR BE 5 b S 8L
[7] Patton £

@, VTG R B R AR 54, O 45 R T TC 3 £
a, R B WU 2 1 T FRL 5 g T 1 T AR B AE 5 ¢

Onax Oy
9A,C o,

8  Ladanyi iR 7=

1—(1—a,)tanitan ¢,

i Jes\"* (v,
9 BT AR AL T=o0, tan{logm |:< ) .(7’
o \%4
](‘S I —0.03/RC,
=0, tan{log 10 ((°>(‘") )
Oy L,
10 Zheng 5 #7
M
v
(70) + o

)W

JRC, (

Sk B W U5 23 B T 2 B AR 45 T 5 00 S B W U
I W BT 22 IR A N EE 5 AR 5 HC Al S B Pat-
ton A5 AY

VR BIYIE V hy tE s 55 U0 R Ml 5
TR P e RO L AT TR 25 A G 1Y R 45 At
Z %A Barton & %1

+ SDD

TEL URCR B L H0 S5y T RLEE B R A

©JCS, 2K B R L, S5 A8 T (9 A RE BT R R
BE 5 JRC, J& K BE S L, 0 45 4 1 () KL RE BE 3R
B hy A A Lo W 245 F4 T A B R RS AR s
(L,=100 mm) ; V, 2FEFE# 2 (V,=1 mm/s);
HoAth 2% [F) Barton 55 %Y

1216



F=2 NS I HE A S
. ; . ats O N ZE R T — B A0 B AR AR A 5 Hofb B 4
11 /e =g, tan (g, + 8.177a,, 7 + 0.596a,, ") o AR AR H
[A] Barton F& 74
rantan{{10.725ln[A"‘(SRV)la]Jr
S 445 T 5 AR JE 580 SR, o 2 K T T
- - JCS i@iﬂkﬁl B Hofl B8R Barton B
42. 202}1g + o,
bl JCs
13 B Al gty r=o, tan{;omLJR(,'aﬁe d ) a, b, UGS HAAh 2 58 Barton 156 1
. JMC Ry 55 K T W) £ 22 850 Hofh 2 50 ] Barton
14 Zhaom — tan[go,-l—JR(JM( lg< )} : aARR oo
5 A
0.42
15 Lee fii #1204 =g {tangpb + 0.017(JRC) ( ) } Z R LA Barton #5 7
L\ 105 2 1JCS — S A Sk Ny phyer
16 Liu*ﬁﬂmx} T=0,tan ¢b+<¢9) ho.4 1g( . - ) 0 7&1 ﬂEﬁ%;nﬁMugﬁl;hﬁmﬁJEJF /JIEJ
n On B 5 HoAth 2 %] Barton #5575
r=o,tang,{1 4+ 1.538 X
17 3525 W o BAP Jg3t 5 W BUE 43 L ; oAt 2 8 IF] Barton
PAYL= At e -
) 3.607 JCS e L
10 %(BAP)" [lg( ”
O.Y\
4A 00
f— nt .
=0 an{gmﬂr R
18 Xia gy (200.207) ZH0 XA Grasselli 45 5l
14 1 Ohn o,
<ol — On
Pl 9 1 g
0l S JCS T A RE R PR 58 5 s S 40 L
19 Yangﬁﬂmg'”m r=o, tan|:goh + (‘()“45 exp( _ ]ZS C° 7\,):| o E5 G J YL )3 Bty SCIH]

o 1.34000%

Grasselli 15 51

20 Tatone f& 5 [0 R FE ) HoAl 2 30 CI] Grasselli #8175
O s o,
b eXp( S 9A(C+ l)m”
~/—0.44 % I& H 74%
21 Tian*ﬁﬂm” r=og, tan(;o,)Jr 160(/ ) ( j‘j*ﬂ*k ;ﬁ( E’J'{ J—_E,/\'ﬁﬁ ﬁﬁ XI—J
o,/0,+ 2 Grasselli 151 51
1+4 . (]er) Ds[e\ﬁ%ﬁﬁ*ﬂ*ﬁﬁgﬁﬁﬂsmﬁﬁﬁﬁ*ﬁ*ﬁﬁ?,
22 Fh R r=o,tan| ¢+ ——e 0 ] a AT B H 0 R A R R 5 A
Vs 290 Patton #1)
) o oy R A K T A BE SR 5 aw,o,d i T BT DDA
Kulatilake oy .
23 e fz%fﬂ“(%*aK<SRP)“{1g(g)} +1 U5 B BT A G 0 S8 TR B AR SRP
~E " SRS BE B 280l 5 80 Patton KL
) PR AR R R AR AR R e
43 EARTHZETEHENT RS REE
b0 1) 416 2800 8k ok B2 A, g5 0 DK S R AR
25 KE THI (A B0 BY 3 B 5 AR IR Iy s 3 D) AH O, B o7 B IR L JE AR O iR R RGBS BB IR .
HTTE B RG &5+ 1 B EL 4 0 3T V) A0 &5 6 T T M.M. Zaman %57\ Sk 4 gk A 72 WIS RS B B, 45

S RIPTBY SR T R ARSI IR R R AT A A Ik AR BT Y B BB IR o ML Souley SFf%

1217



Saeb-Amadei %5 14 T A5 AU 4 g ) 18 PR L #5200 1
0, SR MR Y v A R R S ) 3k 1) 67 % 1 0 S8 Ry A
Bl Tl S 2 = YRG5 )l 50, 42 L
ISR @ e R E SRV G AWK (TR N IR N I i
H.S. Lee %78 #4741 21 5 U138 56 1 S itk I
5 JEN A B b f U (R BT V) 9 R L AR SRR
MG 48— A MR . D.D. Kana 5%
R 25 0 T B U0 N ) 5 3 YIRS 190G & i 5 71 2R
BY YIRS, HE S 7G5 AL I O EE R R
XoF B ] 00 2R A AR AR Y T AT A OE 4 — R Y 4
F4) TR A7 2 0 4 A A4 A5 AL, I fil F HLS. Lee %11
X. Huang % F1 D.D. Kana %5 {4 3 56 B4 08 17
BOUE o T 4R AF AR W 5 U 1 416 PR 2k, R
2 oR BSR4 45 A8 THT 1Y) S Ak I BRI AR Ak RS B B
T 2 AR A0 5 3 2 S 8. S. Dong 45 I AR
5T U 95 Ak X8 5 VA 45 4 THD A4 52 e RLAR o R 5 ] R
1 Bl B ) Bl R 4 R B AR T 4R TR 3R
SY VAR A T R S R T B 5 o BE TR A S H Y
it Z T A A KAE R B R A 5REAREEA Z
FVK T 7070 25 04 1T 9 1 B 470 59 588 B2 A, 153 25 SR ]
REAATE — B8 22 . RAAY R UL, 45 A4) T 796 2 1oy 48 2% 1
T A AR AR TR R BT 5 o R DR BT L 5 Ok 1 AT
PO S 7 S KN G g 1

5 & i

Bt NS 5 VR A5 A TR PR R B = I
S SR LA TR TN EPSY R SN
P D03 65 44 798 A 5 U0 9 R R R Y [ N A E A
LA LA B SR g e RV R T vk i BUAR . FRi
KT A R T A A B er AR R A T B A
TR PE AR IR AF AL LR WA ) AL, A7 o Bk T
Vet — 2 fif e .

(1) B AR AR 12 fil 0 e B R SC B 1 235 g T AL A 2
F0 R 0 L el T O A R AR A A Y BR B T
PO TR LT IR R A 8] gy 2 B0 25 [
A PR I A R 25 T 20 M LR B i 55 TR 45 A T T
RIS E AL FInE AT E 2 ik 25
A THTHELRE JBE ) 5 3k AL AR R — G S R —
ESH P EMB G L5 8 S BRAEE S AR R Y
7 10 5 A T HELRE JBE ) 18 3 A A R 2 S M LA
WL BIR — o 0 vk B AT S 1) kA SSOR  (EL AT DAL Y
2, LR S RCERAE DT TR I AR R W58 Y T 1o

1218

(2)CNL (CNS.CV FlHE # #2414 17 2 4 35 1)
I 5 TR, S — B R N R TR
W ER S KR 2GS T . [FA, AR
g0 1 fRT Ak TR e R L B T R &G R 0 v
P o B F 59 U1K 56 19 30 25 i 3k K 2455 B AE )
1) bR sl 25 n 2% 5 =X, A2 DAAEL AR 400 b 72 B A 28K ) B
VI 25 0 A Ff ik — 25 (B &, R DL BE B 400 1l 7% 26
i 28T P —FH S BR8N 1) A G ke i £ T A T
A 1 2E P TR A AL,

(3) 7 25 K9 1T 1 AR B U0 I 50 B B YY)
T 5 A0 BR B D146 | Bl T B0 IR A F SR N B
Xif &5 4 1Y) 1) A R0 2R R R T R R A IR .
Xof o i 7% A 2, LR ARG A for £, i 2 AR 2
B AEAE AN TR T 1) B 3h 25 800 , 2 45 F T (57 5 1A
FE) T AE A 20 3 1) A 2025 14 F B 90356 34 55 0 DL
2, FLAG R 57 U 4 28 5 08 P53 1 A 48 AH 25 B 1 55 1)
I A RS

(4) KB 5% 32 B, 45 4 10 A2 T8 A 80 0] L 43
25 0 R TR R R R 2 RO Y 34 Ol 2 P HfE
DL A 45 40 T — Se AR M AT o B B 6 4K
SRR S AR ) B2 1 25 R TR AR T 1 i A ROk AR
e 05 A E AR R 22 5, o] AR 40 52 B 1 T 40
TE B T 11 il AR AR R AT AR 2 — A 55 M A 2 Y [ R
[F) B &35 4 T 5 3 PR R P R A 2, AL AT
Je A H: v A3 A R A ) B R B L AU A E AR
PFF 38 A7 76— 2 Ry BR A X S B [ A (1 Ak 24T
SRATBE R FE MR o DL, 45 46 T Y Be 07 58 2 5 A8 8 )
LHBYV KR, BRI EIEH Y& MRS
G T AR KR (ARG 0 A 48 2% 140 T 45 4 Tl A A8
T 5 58 3 2 QA FH T 55, ik 5 5

SEHE:

[1] Barton N. The shear strength of rock and rock joints[J].
International Journal of Rock Mechanics and Mining Sci-
ences & Geomechanics Abstracts, 1976, 13 (9) :
255-279.

[2] Bandis S C, Lumsden A C, Barton N R. Fundamentals
of rock joint deformation [J]. International Journal of
Rock Mechanics and Mining Sciences &. Geomechanics
Abstracts, 1983, 20(6): 249-268.

(3] I 28  a e Ml [T, D B i
1993(1): 14-18.

Sun G Z. On the theory of structure-controlled rockmass
[J]. Journal of Engineering Geology, 1993, 1(1): 14-



[6]

[8]

[10]

18. (in Chinese)

FEREW . AR M BT Al (ML L s A Tl i AR
#t, 2008.

FLIE 5T, W B A AL A A AR ) 2 R T
R BB [T]. B A % 5 R %R, 2010, 29
(11): 2263-2270.

Du S G, Huang M, Luo Z Y, et al. Similar material
study of mechanical prototype test of rock structural
plane[J]. Chinese Journal of Rock Mechanics and Engi-
neering, 2010,29(11): 2263-2270.(in Chinese)

B W MR, £ SEVE L AF . R IR A e T KL R
A1) S ROST RN | JE] BE RN RIS LT e e TR
2, 2016, 38(1): 170-179.

Ge Y F,Tang H M, Wang L. Q, et al. Anisotropy, scale
and interval effects of natural rock discontinuity surface
roughness [J]. Chinese Journal of Geotechnical Engi-
neering, 2016,38(1): 170-179. (in Chinese)

W RRET BB A T 2 RS B IR 1 s
A BB 25 K T T 5 R R RRAE B S (D). A e,
2013, 34(11): 3180-3186.

Huang M, Du S G, Luo Z Y, et al. Study of shear
strength characteristics of simulation rock structural
planes based on multi-size direct shear tests [J]. Rock
and Soil Mechanics, 2013, 34(11): 3180-3186. (in Chi-
nese)

VLB R, ST IR 00 5 7Y 45 A4 T BT U7 1 1 AT 1 st
WO (I]. H A S TR, 2010, 29(4) .
713-719.

Shen M R, Zhang Q Z. Experimental study of shear de-
formation characteristics of rock mass discontinuities
[J]. Chinese Journal of Rock Mechanics and Engineer-
ing, 2010, 29(4): 713-719. (in Chinese)

P RAL PR wEARE L SF . CNL JL CNS &4 F 245 1)
WA RRwRI] A A NF S TR,
2019, 38(34 2): 3384-3392.

Cui G J, Zhang C Q, Han H C, et al. Experiment
study on shear behavior of artificial joint under CNL and
CNS boundary conditions[J]. Chinese Journal of Rock
Mechanics and Engineering, 2019, 38 (Sup2) : 3384~
3392. (in Chinese)

HAR L Bl B, 55 RL AT B 5T i 06 B A i F
WS R T]. A L J1%%, 2015, 36(3): 905-912.

Hu W, Min H, Chen J, et al. Improvement of a large
scale in-situ direct shear test apparatus and its applica-
tion[J]. Rock and Soil Mechanics, 2015, 36(3): 905-
912. (in Chinese)

2RI NG 0 T AN [ Y D) AR A A T Y R
BERFIERT S LT]. A A 1% 5 LR, 2006, 25(12)

[12]

[13]

[14]

[15]

[16]

[17]

[19]

[20]

2435-2440.

LiH B, Feng H P, Liu B. Study on strength behaviors
of rock joints under different shearing deformation veloc-
ities[J]. Chinese Journal of Rock Mechanics and Engi-
neering, 2006, 25(12) : 2435-2440. (in Chinese)
Muralha J, Grasselli G, Tatone B, et al. ISRM sug-
gested method for laboratory determination of the shear
strength of rock joints: revised version[J]. Rock Me-
chanics and Rock Engineering, 2014, 47: 291-302.
QIS W, Zheng BW, WuF Q, et al. A New dynamic
direct shear testing device on rock joints[J]. Rock Me-
chanics and Rock Engineering, 2020, 53 (10) : 4787-
4798.

VRUL, RS X S8, 55 . IR0 0 U4 3 AR T e 4
Wy X 5 Ay T BY U0 R S R e AF S [T]. A R i,
2019, 40(5): 1627-1637.

Xul, Qul M, Liu Y X, etal. Influence of filling mate-
rial on the behavior of joints under cyclic shear loading
[J]. Rock and Soil Mechanics, 2019, 40(5) : 1627-
1637. (in Chinese)

Sharma V M. In-situ characterization of rocks[ M |. To-
kyo: Balkema Publishers, 2002: 200-310.

ELAW) PN 1 B T A 00 & A AL g D A
HR LT gk aEHoR, 1994(4) : 27-31.

Xia C C, Sun Z Q. Laboratory and field measurements
of the superficial morphology of joints and their applica-
tions [J]. Site Investigation Science and Technology,
1994(4): 27-31. (in Chinese)

Develi K, Babadagli T, Comlekci C. A new computer-
controlled surface-scanning device for measurement of
fracture surface roughness[J]. Computers &. Geoscienc-
es, 2001, 27(3): 265-277.

Xia C C, Yue Z Q, Tham L G, et al. Quantifying to-
pography and closure deformation of rock joints[J]. In-
ternational Journal of Rock Mechanics Mining Scienc-
es, 2003, 40(2): 197-220.

Grasselli G, Wirth J, Egger P. Quantitative three-di-
mensional description of a rough surface and parameter
evolution with shearing [J]. International Journal of
Rock Mechanics and Mining Sciences, 2002, 39(6) :
789-800.

Krohn C E, Thompson A H. Fractal sandstone pores:
automated measurements using scanning-electron-micro-
scope images [J]. Physical Review B, 1986, 33(9) :
6366.

A4 WA Kwasniewski MA. I3 FH 0O H AR
A3 T8 B T i R A A W R R IHLRE L (T ], E A
5T HE2EH, 1997, 16(4): 61-68.

1219



[22]

[23]

[24]

[25]

[26]

[28]

Wang J A, Xie H P, Kwasniewski M A. Application of
laser technique and fractal theory the measurement and
characterization on roughness of rock fracture surfaces
[J]. Chinese Journal of Rock Mechanics and Engineer-
ing, 1997, 16(4): 61-68. (in Chinese)

SRR A RSy Ak A T R T LA R 1 = 4 et
SETLT). A £ 1%, 2005, 26(8): 1227-1232.

Zhou Z H, Du S J. 3D statistic analysis of geometrical
properties of a rock joint[J]. Rock and Soil Mechanics,
2005, 26(8): 1227-1232. (in Chinese)

WRFR 2t B TR A 5 BT GIS SR ST H R
e W LR PE TS [T]. 5 A 1o 5 TR i,
2008, 27(342): 3541-3546.

Chen X, L1 Y J, Huang X C, et al. Study on geometri-
cal properties of fracture appearance in gypsum breccia
base on 3D GIS statistic [J]. Chinese Journal of Rock
Mechanics and Engineering, 2008, 27 (Sup2) : 3541-
3546. (in Chinese)

Jiang Y J, Li B, Tanabashi Y. Estimating the relation
between surface roughness and mechanical properties of
rock joints[J]. International Journal of Rock Mechanics
and Mining Sciences, 2006, 43(6): 837-846.

ZEPCHA Ay gk . 28 P 5Y U1 AR E by st 0 s A SR T
HUBERFPE S BT LT ). 55+ 717, 2004, 25(6) : 850-855.
Li Q S, Du S J. Surface roughness analysis of rock
joints under different shear deformation histories [J].
Rock and Soil Mechanics, 2004, 25(6) : 850-855. (in
Chinese)

Huang S L, Oelfke S M, Speck R C. Applicability of
fractal characterization and modelling to rock joint pro-
files [ J]. International Journal of Rock Mechanics and
Mining Sciences &. Geomechanics Abstracts, 1992, 29
(2): 89-98.

f SR, T BA e, P T . 4RO H I R G TSR G
T PR o g R LT ). o KR KR 2 T 5 B 22 4R
2007, 5(1): 43-48.

He B S, Ding L. Q, Sun P. The application of 3-D laser
scanning technology in rock joint sets identification[J].
Journal of China Institute of Water Resources and Hy-
dropower Research, 2007, 5(1): 43-48. (in Chinese)
Rojanski D, Huppert D, Bale H D, et al. Integrated
fractal analysis of silica: adsorption, electronic energy
transfer, and small-angle x-ray scattering [J]. Physical
Review Letters, 1986, 56(23): 2505.

Khoshelham K, Altundag D, Ngan-Tillard D, et al. In-
fluence of range measurement noise on roughness char-
acterization of rock surfaces using terrestrial laser scan-

ning [J]. International Journal of Rock Mechanics and

1220

[31]

[32]

[33]

[34]

[36]

[37]

[38]

[40]

[41]

Mining Sciences, 2011, 48(8): 1215-1223.

Kulatilake P, Balasingam P, Park J, et al. Natural rock
joint roughness quantification through fractal techniques
[J]. Geotechnical &. Geological Engineering, 2006,
24: 1181-1202.

Ficker T. Fractal properties of joint roughness coeffi-
cients[J]. International Journal of Rock Mechanics and
Mining Sciences, 2017, 94: 27-31.

Magsipoc E, Zhao Q, Grasselli G. 2D and 3D Rough-
ness Characterization[ J]. Rock Mechanics and Rock En-
gineering, 2020, 53(3): 1495-1519.

B4R . TR B 22 (ML B 3R R
i, 2002.

Tatone B S A. Quantitative characterization of natural
rock discontinuity roughness in-situ and in the laboratory
[M]. Toronto: University of Toronto, 2009.

Sayles R S, Thomas T R. The spatial representation of
surface roughness by means of the structure function: a
practical alternative to correlation[J]. Wear, 1977, 42
(2): 263-276.

El-Soudani S M. Profilometric analysis of fractures[J].
Metallography, 1978, 11(3): 247-336.

Zhao J. Joint surface matching and shear strength part
A': joint matching coefficient (JMC) [J]. International
Journal of Rock Mechanics Mining Sciences, 1997, 34
(2):173-178.

Tse R, Cruden D M. Estimating joint roughness coeffi-
cients [J]. International Journal of Rock Mechanics and
Mining Sciences &. Geomechanics Abstracts, 1979, 16
(5): 303-307.

ZEnp, ETAE U A A B SR RS
SHIBAR ISR KR [T]. AR 5
K, 2016, 38(5): 1029-1034.

LiK,Wang W H, Yan Z, et al. Analysis of relationship
among rock joint surface roughness and fractal dimen-
sion including several parameters[J]. WorldSci-Tech R
&.D,2016, 38(5): 1029-1034. (in Chinese)

Maerz N H, Franklin J A, Bennett C P. Joint rough-
ness measurement using shadow profilometry [J]. Inter-
national Journal of Rock Mechanics and Mining Scienc-
es &.Geomechanics Abstracts, 1990, 27(5): 329-343.
Yu X, Vayssade B. Joint profiles and their roughness
parameters[ J]. International Journal of Rock Mechanics
and Mining Sciences &. Geomechanics Abstracts,
1991, 28(4): 333-336.

Yang Z Y, Lo S C, Di C C. Reassessing the joint
roughness coefficient (JRC) estimation using Z 2 [J].

Rock mechanics and rock engineering, 2001, 34:



[44]

[45]

[47]

[48]

[50]

243-251.

LiuX G, Zhu W C, Yu Q L, et al. Estimation of the
joint roughness coefficient of rock joints by consider-
ation of two-order asperity and its application in double-
joint shear tests[J]. Engineering Geology, 2017, 220:
243-255.

WRAEVT A0 0, E AN, 25 25 4% o S M R Ak 1 =
Y R S R T DY ISR BB ST T]. A A 1 5 TR
4, 2016, 35(10): 2013-2021.

Chen S J, Zhu W C, Wang C Y, et al. Peak shear
strength of 3D rock discontinuities based on anisotropic
properties [J]. Chinese Journal of Rock Mechanics and
Engineering, 2016, 35(10): 2013-2021. (in Chinese)
Mandelbrot B. How long is the coast of Britain? Statis-
tical self-similarity and fractional dimension [J]. Sci-
ence, 1967, 156(3775): 636-638.

Xie H P, Zhu J B, Zhou T, et al. Conceptualization
and preliminary study of engineering disturbed rock dy-
namics [J]. Geomechanics and Geophysics for Geo-En-
ergy and Geo-Resources, 2020, 6: 1-14.

Lee Y H, Carr J R, Barr D J, et al. The fractal dimen-
sion as a measure of the roughness of rock discontinuity
profiles[ J].International Journal of Rock Mechanics and
Mining Sciences &. Geomechanics Abstracts, 1990, 27
(6): 453-464.

AW E A ST R R TR SR EOT S [T]. LR i
B, 1996, 4(3): 71-78.

Xia C C. A study on the surface morphological feathers
of rock structural faces[J]. Journal of Engineering Geol-
ogy, 1996, 4(3): 71-78. (in Chinese)

e e o = e o S L N B 1 Y [ 4 S TR Py )
PR BT 0y SR B [T] W R E M B AR R,
2001,29 (3): 107-110.

Qi G Q, Sheng J C, Su B Y. Predicting the shears
strength of rock mass by using artificial neuron network
[J]. Journal of Hohai University, 2001, 29(3) : 107-
110. (in Chinese)

AR UL A ST BP A M 4 T IR T S
AR SRR B R AT R B E MR S KR,
2016, 38(3): 518-521.

Wang W H, Li K, Yan Z, et al. Roughness coefficient
of rock joints based on BP neural network [J]. World
Sci-Tech R & D, 2016, 38(3): 518-521. (in Chinese)
Jiang Y, Xiao J, Tanabashi Y, et al. Development of
an automated servo-controlled direct shear apparatus ap-
plying a constant normal stiffness condition[J]. Interna-
tional Journal of Rock Mechanics and Mining Sciences,
2004, 41(2): 275-286.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

LiH B, Feng H P, Liu B, et al. Experimental studies
on mechanical properties of rock joints under dynamic
loading [J]. Key Engineering Materials, 2006, 326:
1709-1712.

Jaber J, Conin M, Deck O, et al. Investigation of the
mechanical behavior of 3D printed polyamide-12 joints
for reduced scale models of rock mass[J]. Rock Me-
chanics Rock Engineering, 2020, 53(6): 2687-2705.
Crawford A M, Curran J H. The influence of shear ve-
locity on the frictional resistance of rock discontinuities
[J]. International Journal of Rock Mechanics and Min-
ing Sciences &. Geomechanics Abstracts, 1981, 18(6) :
505-515.

Zandarin M T, Alonso E, Olivella S. A constitutive
law for rock joints considering the effects of suction and
roughness on strength parameters[ J]. International Jour-
nal of Rock Mechanics Mining Sciences, 2013, 60:
333-344.

Saiang D, Malmgren L, Nordlund E. Laboratory tests
on shotcrete-rock joints in direct shear, tension and com-
pression [ J]. Rock mechanics rock engineering, 2005,
38(4): 275-297.

Esaki T, Du S, Mitani Y, et al. Development of a
shear-flow test apparatus and determination of coupled
properties for a single rock joint[J]. International jour-
nal of rock mechanics mining sciences, 1999, 36 (5) :
641-650.

Zhe, A, ki, L mREAE A A S
55 U1y E R BT ST [T, L8 J1 %, 2022, 37 (4)
488-496.

LiT, Jiang A N, Zhang F R, et al. Study on shear me-
chanical properties of rocklikediscontinuities after high
temperatur [J]. Journal of Experimental Mechanics,
2022, 37(4): 488-496. (in Chinese)

G IR . A AA -2 5 PS5 h T 95 V)RR IERF 5 (D], M
B B R, 2021

Zhou J L. Study on shear characteristics of rock-mortar
heterogeneous structural plane [D]. Nanchang: Nan-
chang University, 2021. (in Chinese)

Cuisiat F D E, Hyett A J, Hudson J A. Numerical in-
vestigation of the boundary conditions effect on rock
joint behaviour [C]//International Symposium on Rock
Joints. Netherlands: A.A. Balkema, Rotterdam, 1990:
611-616.

Olsson R, Barton N. An improved model for hydrome-
chanical coupling during shearing of rock joints[J]. In-
ternational Journal of Rock Mechanics Mining Scienc-
es, 2001, 38(3): 317-329.

1221



[63]

[64]

[65]

[67]

[68]

[71]

[72]

Indraratna B, Haque A, Aziz N. Laboratory modelling
of shear behaviour of soft joints under constant normal
stiffness conditions [ J]. Geotechnical &. Geological En-
gineering, 1998, 16(1): 17-44.

Rao K S, Shrivastava A K, Singh J. Development of
an automated large scale direct shear testing machine for
rock [C]//1GC2009. Guntur: Indian Geotechnical Soci-
ety, 2009: 238-244.

Shrivastava A K, Rao K S. Shear behaviour of rock
joints under CNL and CNS boundary conditions [J].
Geotechnical Geological Engineering, 2015, 33: 1205~
1220.

Moradian Z, Gravel C, Fathi A, et al. Developing a
high capacity direct shear apparatus for the large scale
laboratory testing of rock joints [C] /EUROCK2013.
Poland: International Society for Rock Mechanics and
Rock Engineering, 2013: 315-320.

Cui Z, Sheng Q, Zhang M C, et al. A new direct shear
apparatus for rock joints specialized in cyclic loading[J].
Rock Mechanics Rock Engineering, 2021, 54 (8) :
4321-4327.

Homand F, Belem T, Souley M. Friction and degrada-
tion of rock joint surfaces under shear loads[J]. Interna-
tional Journal for Numerical and Analytical Methods in
Geomechanics, 2001, 25(10): 973-999.

Hans J, Boulon M. A new device for investigating the
hydro-mechanical properties of rock joints[J]. Interna-
tional Journal for Numerical and Analytical Methods in
Geomechanics, 2003, 27(6): 513-548.

Konietzky H, Frihwirt T, Luge H. A new large dy-
namic rockmechanical direct shear box device[J]. Rock
Mechanics and Rock Engineering, 2012, 45 (3) :
427-432.

Pellet F L, Keshavarz M, Boulon M. Influence of hu-
midity conditions on shear strength of clay rock disconti-
nuities[ J]. Engineering Geology, 2013, 157: 33-38.
Ferrero A M, Migliazza M, Tebaldi G. Development
of a new experimental apparatus for the study of the me-
chanical behaviour of a rock discontinuity under mono-
tonic and cyclic loads[J]. Rock Mechanics Rock Engi-
neering, 2010, 43(6): 685-695.

Indraratna B, Haque A, Aziz N. Shear behaviour of ide-
alized infilled joints under constant normal stiffness[J].
Geotechnique, 1999, 49(3): 331-355.

Kim D Y, Chun B S, Yang J S. Development of a di-
rect shear apparatus with rock joints and its verification
tests[J]. Geotechnical Testing Journal, 2006, 29(5) :
365-373.

1222

[74]

[76]

[78]

[80]

Barla G, Barla M, Martinotti M E. Development of a
new direct shear testing apparatus[J]. Rock Mechanics
Rock Engineering, 2010, 43: 117-122.
HAW 8 HEVE S ZUIRE A A T B BT D)8
G RG] SR HT]. A A T 5 TR,
2018, 37(10): 2219-2231.
Xia C C, Qian X, Gui Y, et al. A novel multi-function-
al shear-flow coupled test system for rock joints and its
application[J]. Chinese Journal of Rock Mechanics and
Engineering, 2018, 37(10): 2219-2231. (in Chinese)
AL, AT I e, 5 R Z D RE v [R5 1 454
T 5 Y04 e i 36 FR &8 S D e ik e M [T]. o %%,
2020, 41(9): 3159-3169.
Jiang Q, LiL F, Feng X T, et al. High pressure shear-
ing servo test system for rock joint with multi modes
and corresponding function test analysis [J]. Rock and
Soil Mechanics, 2020, 41(9): 3159-3169. (in Chinese)
Wk, R, e, AF LW AT A BT B o B AH
KAEBEFELT]. K BB IR B, 2013, 31(12) & 163~
166,162.
Yao M D, Rong G, Hou D, et al. Estimation of verti-
cal limiting bearing capacity of single pile basedon bayes
generalization theory in small sample case[ J]. Water Re-
sources and Power , 2013, 31(12): 163-166, 162. (in
Chinese)
Zheng B W, Qi1 S W, Huang X L, et al. An advanced
shear strength criterion for rock discontinuities consider-
ing size and low shear rate[J]. Applied Sciences, 2020,
10(12) : 4095.
KRS 53, B OR s, A 2 RO A RS H T 0
AW S R [C 17 %5 = 4 EUK Tk 41 J1 %%
RSB CE . Ll hEA A %5 TR,
2010: 5.
Du S G, Luo Z Y, Huang M, et al. Development and
application of multi-scale direct shear test instrument for
rock joint [ C]//National Conference on Hydraulic Rock
Mechanics. Shanghai: China Society for Rock Mechan-
ics and Engineering, 2010: 5. (in Chinese)
Jacobsson 1., Flansbjer M, Larsson J. Direct shear
tests on large natural and artificially induced rock frac-
tures in a new laboratory equipment [ C] //Proceedings
of the 15th ISRM Congress.Salzburg: International So-
ciety for Rock Mechanics and Rock Engineering, 2023
ISRM-15CONGRESS-2023-452.
Zhang Q, Li X, Bai B, et al. Development of a direct-
shear apparatus coupling with high pore pressure and el-
evated temperatures[J]. Rock Mechanics and Rock En-
gineering, 2019, 52(9): 3475-3484.



[82]

[83]

[84]

[85]

[86]

[87]

[89]

[90]

[91]

Lee HS, Cho T F. Hydraulic characteristics of rough
fractures in linear flow under normal and shear load[J].
Rock Mechanics and Rock Engineering, 2002, 35(4) :
299-318.

ZhouJ Q, Chen Y F, Tang H, et al. Disentangling the
simultaneous effects of inertial losses and fracture dila-
tion on permeability of pressurized fractured rocks [J].
Geophysical Research Letters, 2019, 46 (15) : 8862~
8871.

Zhou J Q, Chen Y F, Wang L, et al. Universal rela-
tionship between viscous and inertial permeability of
geologic porous media[J]. Geophysical Research Let-
ters, 2019, 46(3): 1441-1448.

TR E TR, T, % A s a3
Wk % A E’Jufr%u I A £ 2%, 2009, 30

(10): 3200-3208.

Wang G, Jiang Y J, Wang W M, et al. Development
and application of an improved numeric control shear-
fluid coupled apparatus for rock joint[J]. Rock and Soil
Mechanics, 2009, 30(10): 3200-3208. (in Chinese)
Gui Y, Xia C C, Ding W Q, et al. Hydraulic character-

istics of rough joints under coupled shear-flow condi-

tions: an experimental study [J]. Rock Mechanics and
Rock Engineering, 2020, 53(7): 3341-3352.
PSP, 6] (5 5 . HROK 2% 10 T 30 W A 1 S AR R AT [T ).

HyBR Y 24, 2020, 63(12) : 4440-4450.

Tian P, He R C. An experimental study of frictional
constitutive properties of diopside under hydrothermal
condition[J]. Chinese Journal of Geophysics, 2020, 63
(12) : 4440-4450. (in Chinese)

AN R IR ETT A b o T I T A A R 4 S 5
WEFELD ] dbat: i [E bR Jm b A 5 i, 2022.

Lei H R. Friction properties of brittle-ductile transition
with a granite gouge at hydrothermal cond[ D]. Beijing:
Institute of Geology, China Earthquake Administra-
tion, 2022. (in Chinese)

Rong G, Yang J, Cheng L, et al. Laboratory investiga-
tion of nonlinear flow characteristics in rough fractures
during shear process[J]. Journal of Hydrology, 2016,
541: 1385-1394.

VRUL, X 8, POk, 55 s i i - Bl & il
BEBHIT]. A 2 5 TRER, 2015, 3403 1) -
2987-2995.

XulJ, Liu Y X, Yin G Z, et al. Development of shear-
flow coupling test device for coal rock[J]. Chinese Jour-
nal of Rock Mechanics and Engineering, 2015, 34
(Supl): 2987-2995. (in Chinese)

X T 1) IR 2 A B AR B e BT R R A

[92]

[93]

[95]

[97]

SR 9E (D], dbat o [E 5 % R b BT RS BT, 2017.
Liu Y. Frictional properties of natural fault gouges from
drilled cores in the Longmenshan fault zone cutting gra-
nitic rock [D]. Beijing: Institute of Geology, China
Earthquake Administration, 2017. (in Chinese)
TR PR RRR A R R I SE SR RS LD ] e
v [ 52 Jy ST FSE I, 2015,

Zhang H T. Experimental study on the rheology of inter-
mediate granulite at high temperature [D]. Beijing: In-
stitute of Geology, China Earthquake Administration,
2015. (in Chinese)

WA . BHC A TR T Mo IR S 2R IE R ST
FEEM B D]. dbnt . [ sy b ST F 52 B, 20165.
Yao S N. Frictional sliding of plagioclase gouge under
diferent normal stresses and lower-crust temperature
conditions [D]. Beijing: Institute of Geology, China
Earthquake Administration, 2015. (in Chinese)

FEA, K TR, A O A B T R A e
W) SR W (7). Bk AR 4, 2019, 62(1) -
159-171.

Jiao Y, Zhou Y S, Zhang L, et al. Experimental study
on the effect of fluid to friction sliding of limestone fault
gouge [J]. Chinese Journal of Geophysics, 2019, 62
(1): 159-171. (in Chinese)

BB EV S S (I PSS SR N 3 o N A a3
R B GRS oot b o B S R R [T ] R W) HE o
2, 2023, 66(4): 1334-1347.

Liu SM, Zhang L., He C R. Frictional properties of an-
tigorite under high pore fluid pressure and implications
for slow-slip events in subduction zones [J]. Chinese
Journal of Geophysics, 2023, 66 (4) : 1334-1347. (in
Chinese)

faf R, oK KIS AT B A R S R
ST 5E LA KOS V5 78 52 KU 9 R [ ] o [ A ¢ 3
Jii, 2023, 35(9): 48-53.

He B C, Zhang L.. Experimental study on frictional slid-
ing stability of dolomite under hydrothermal conditions
and implications for potential earthquake risk [J]. Coal
Geology of China, 2023, 35(9): 48-53. (in Chinese)
XU fr B 2 e 1 L = B AE B P TR e Y
FEBAMSELLT]. Wi, 2017, 39(5): 917-933.
Liu Y, He C R. Frictional properties of a natural fault
gouge from drilled cores in the Longmenshan fault zone
cutting granitic rock [J].
2017, 39(5): 917-933. (in Chinese)

XUTE S SRS, 45 . BT MTS 81554 41 J1 2+ 1 i
BUIY B H2 8 Uik e Rt [T]. St Bl 55K,
2020, 18(5): 85-90.

Seismology and Geology,

1223



LiuY, Ai T, Zhang C P, et al. Design of direct shear

test fixture based on the MTS 815 rock mechanics test

system [J]. Experiment Science and Technology,
2020, 18(5): 85-90. (in Chinese)

[99] Z i, o] 5% . FAOK A5 R RH AT FIHE £1 W7 J2 8 114 P
BT FE[T]. MR ML, 2009, 31(1): 84-96.

Luo L, He C R. Frictionalsliding of pyroxene and pla-
gioclase gouges under hydrothermal conditions[J]. Seis-
mologyand Geology, 2009, 31(1): 84-96. (in Chinese)

[100]2 R =, T B2k, kW], 45 $OK R AFT M IN A B2

e i BE B S M BT 5 RH A W E R XS L [T]. sk
Y34, 2010, 53(12) : 2929-2937.
Lan C Y, He C R, Yao W M, et al. Frictional sliding
of hornblende gouge as compared with plagioclase
gouge under hydrothermal conditions[J]. Chinese Jour-
nal of Geophysics, 2010, 53(12) : 2929-2937. (in Chi-
nese)

[LOL TR0 5%, J4 7K M . 4k B4 & o D1 A8 T 5 7 49 0 43 28 1K Y 5
Wk e FE 2 [, b BUGE AR, 2020, 39(11) : 1840-1849.
Liu G, Zhou Y S. An experimental study of shear defor-
mation and mineral composition changes of granite un-
der the condition of high temperature and high pressure
[J]. Geological Bulletin of China, 2020, 39(11): 1840-
1849. (in Chinese)

[102]Zhao J, Feng X T, Wang J R, et al. A multifunctional
shear apparatus for rocks subjected to true triaxial stress
and high temperature in real-time[J]. Journal of Rock
Mechanics Geotechnical Engineering, 2024, 16(9):
3524-3543.

[103]4% G232 . i 177 iy Wi 2R el <5 T B A 1) T OB J2= 9 A 13k 22

o AR T WE ST (D], bt . i [ b 52 R Ml BT BF Y
Jit, 2018.
Li X H. Low- to high-velocity frictional properties of
the Longmenshan fault gouges retrieved from the Jinhe
shallow drilling cores[D]. Beijing: Institute of Geolo-
gy, China Earthquake Administration, 2018. (in Chi-
nese)

(104 JFE A0 . 2 R 482 08 30 v 34 o7 — Al 23 500; X G 20 255
Az (D], Jeat . [ 352 e b BT A58 B, 2023.
Qin W F. Mechanochemical changes of fault-zone mate-
rials during shear deformation: implications for dynamic
fault weakening[ D ]. Beijing: Institute of Geology, Chi-
na Earthquake Administration, 2023. (in Chinese)

[1OSTRRHE , 25, BR B, 45 i IV 0 2 R 8 e 180 i i 72 o 1
AR R RN AR R R AR LT ). B KE S s ey, 2019, 39(10)
60-70.

Chen Y, Wu L, Chen M, et al. Characteristics of strain

rate and strain energy during blasting unloading of high

1224

stress rock mass [J]. Explosion and Shock Waves,
2019,39(10) :60-70.(in Chinese)

(106 ] Eh LA, ki, WGAHNEE , 45 . o A oo B8 42 S 6 f F

JELT]. bR, 2014, 36(3): 814-824.
Ma S L, Yao L, Toshihiko S, et al. Progress in high-
velocity frictional experiments on rocks at state key labo-
ratory of earthquake dynamics[J]. Seismologyand Geol-
ogy, 2014, 36(3): 814-824. (in Chinese)

[107]Liu Y X, XuJ, Yin G Z, et al. Development of a new
direct shear testing device for investigating rock failure
[J]. Rock Mechanics and Rock Engineering, 2017, 50
(3): 647-651.

(10814 £ 25 . 1 A fif 2V I T 45 449 T 89 410 45 1 3 36 AOF 5
[D]. K PR, 2018.

Qu J M, Experimental study on shear characteristics of
rock joints under cyclic loading [D]. Chongqing:
Chongqing University, 2018. (in Chinese)

[109]Dang W G, Tao K, Huang L. C, et al. A new multi-
function servo control dynamic shear apparatus for geo-
mechanics| J]. Measurement, 2022, 187: 110345.

[110]Lee H'S, Park Y J, Cho T F, et al. Influence of asperi-
ty degradation on the mechanical behavior of rough rock
joints under cyclic shear loading [J]. International jour-
nal of rock mechanics mining sciences, 2001, 38(7) :
967-980.

(1T FT, WRZE 22, fa 0 45 . R A 4F 2R A5 10 T FE SR X

S5 R T BT V) 3 2 AR R e R L] R S T AT
P24z, 2021, 38(1): 146-156.
Xu J,Chen Y A, Jiao F, et al. Experimental study on
the influence of filling thickness on shearmechanical
properties of structural plane under cyclic loading [J].
Joumnal of Mining and Safety Engineering, 2021, 38
(1): 146-156.(inChinese )

(112056 /INI, 2206 J , 0 T . 408 35 55 V) faf 4846 R &% Z Bk

R LA A B R e L), & R %,
2014, 35(2): 371-379.
Zhu X M, Li H B, Liu B. Study of mechanical charac-
teristics of simulated rock joints with second-order as-
perity under cyclic shear loading[J]. Rock and Soil Me-
chanics, 2014,35(2): 371-379. (in Chinese)

(IA3 X0 H O, TV3E A M, 56 168 16 ) W) LA 1R T

L T N R Rt d AN =Y S K s
24z, 2021, 40(6): 1092-1109.
Liu R C, Yin Q, Yang H Q, et al. Cyclic shear me-
chanical properties of 3D rough joint surfaces under con-
stant normal stiffness (CNS) boundary conditions [J].
Chinese Journal of Rock Mechanics and Engineering,
2021, 40(6): 1092-1109. (in Chinese)



[114]Cui Z, Sheng Q, Leng X L. Analysis of S wave propa-
gation through a nonlinear joint with the continuously
yielding model[J]. Rock Mechanics Rock Engineering,
2017, 50(1): 113-123.

[115]Cui Z, Sheng Q, Leng X L, et al.. Analysis of the seis-
mic performance of a rock joint with a modified continu-
ously yielding model [J]. Rock Mechanics Rock Engi-
neering, 2017, 50(10): 2695-2707.

[ 116 ]Mirzaghorbanali A, Nemcik J, Aziz N. Effects of shear
rate on cyclic loading shear behaviour of rock joints un-
der constant normal stiffness conditions [J]. Rock Me-
chanics and Rock Engineering, 2014, 47 (5) : 1931-
1938.

[117]Stein R S. The role of stress transfer in earthquake oc-
currence[ J]. Nature, 1999, 402(6762): 605-609.
[118]Dang W G, Konietzky H, Frithwirt T. Direct shear be-
havior of a plane joint under dynamic normal load
(DNL) conditions [J]. Engineering Geology, 2016,

213: 133-141.

[119]Dang W G, Konietzky H, Frithwirt T. Direct shear be-
havior of planar joints under cyclic normal load condi-
tions: effect of different cyclic normal force amplitudes
[J]. Rock Mechanics Rock Engineering, 2017, 50
(11): 3101-3107.

[120]Dang W G, Chen X F, Li X Y, et al. A methodology
to investigate fluid flow in sheared rock fractures ex-
posed to dynamic normal load[J]. Measurement, 2021,
185: 110048.

[121]Cui G J, Zhang C Q, Zhou H, et al. Development and
application of multifunctional shear test apparatus for
rock discontinuity under dynamic disturbance loading
[J]. Rock Soil Mechanics, 2022, 43(6): 8.

[122]5RENTA] , WX Fe 20, ISR A, 45 . Ja) 3004 20T 38 5 A 0% 0%

AETE RAR G R HERF S (1), 5 £ J1 %, 2011, 32(5):
1353-1359.
Guo Y T, Zhao K L., Sun G H, et al. Experimental
study of fatigue deformation and damage characteristics
of salt rock under cyclic loading[J]. Rock and Soil Me-
chanics, 2011, 32(5): 1353-1359. (in Chinese)

[123]Bagde M N, Petros V. Waveform effect on fatigue
properties of intact sandstone in uniaxial cyclical loading
[J]. Rock Mechanics Rock Engineering, 2005, 38(3) :
169-196.

[124]Liu E L, Huang R Q, He S M. Effects of frequency on
the dynamic properties of intact rock samples subjected
to cyclic loading under confining pressure conditions[J].
Rock Mechanics Rock Engineering, 2012, 45 (1) :
89-102.

[125]Liu E L, He S M, Xue X, et al. Dynamic properties of
intact rock samples subjected to cyclic loading under
confining pressure conditions[J]. Rock Mechanics Rock
Engineering, 2011, 44(5): 629-634.

[126]Liu E L., He S M. Effects of cyclic dynamic loading on
the mechanical properties of intact rock samples under
confining pressure conditions[J]. Engineering Geology,
2012, 125: 81-91.

[127]Meng F, Wong L. N Y, Zhou H, et al. Shear rate ef-
fects on the post-peak shear behaviour and acoustic
emission characteristics of artificially split granite joints
[J]. Rock Mechanics and Rock Engineering, 2019, 52
(7): 2155-2174.

[ 128 ]Atapour H, Moosavi M. Some Effects of shearing ve-
locity on the shear stress-deformation behaviour of hard
- soft artificial material interfaces|J]. Geotechnical and
Geological Engineering, 2013, 31(5): 1603-1615.

[129]Atapour H, Moosavi M. The Influence of shearing ve-
locity on shear behavior of artificial joints[J]. Rock Me-
chanics and Rock Engineering, 2014, 47 (5) : 1745-
1761.

(130 M58 TL3k , EEMEWT, X108, 56 . 25 I 45 1) T 72 3 25 1L B 25

B i U] a8 a5 TR,
2013, 32(3): 492-500.
Ni W D, Tang H M, Liu X, et al. Dynamic stability
analysis of rock slope considering vibration deterioration
of structural planes under seismic loading [J]. Chinese
Journal of Rock Mechanics and Engineering, 2013, 32
(3): 492-500. (inChinese)

[131]Dong S, Zhang H, Peng Y, et al. Method of calculat-
ing shear strength of rock mass joint surface considering
cyclic shear degradation [J]. Scientific Reports, 2022,
12(1): 9406.

[132]Wang G, Zhang X, Jiang Y, et al. Rate-dependent me-
chanical behavior of rough rock joints [J]. International
Journal of Rock Mechanics and Mining Sciences, 2016,
83: 231-240.

(13311 M , o JLRE L 5K A% IR, 55 . 45 1y Ta7 5 U 83 I A i I G

e B AL E BT R R LT, A i 5 TR
., 2015, 34(9): 1729-1738.
Zhou H, Meng F Z, Zhang C Q, et al. Characteristics
of shear failure of structural plane and slip rockburst[J].
Chinese Journal of Rock Mechanics and Engineering,
2015, 34(9): 1729-1738. (inChinese)

[134]Li H, Deng J H, Yin J H, et al. An experimental and
analytical study of rate-dependent shear behaviour of
rough joints [J]. International Journal of Rock Mechan-
ics and Mining Sciences, 2021, 142: 104702.

1225



(13575 3 n , J ok ik, Wk SCHY & <227 3] T )2 b o A% 2%

PERIT S -2k B R SR AL B o BT )2 e PE 4 S 3 i i s [T ).
HbERPIFI A, 2022, 65(3): 978-991.
Lei HR, ZhouY S, Yao W M, et al. Earthquake nu-
cleation conditions of Anninghe Fault: constrains from
frictional experiments on natural granite gouge [J].
2022, 65(3): 978-991. (in Chinese)

[ 136 13k SCHT, Jo K M, ok 77, 55 . 22 7 T I 228 {2 i IO g

B LRI [T]. Rk e 4, 2022, 65(8)
3088-3097.
Yao W M, Zhou Y S, Zhang L, et al. The frictional-
slip experiments on pseudotachylytes gouge of Anning-
he Fault[J]. Chinese Journal of Geophysics, 2022, 65
(8): 3088-3097. (in Chinese)

(1371003, Any B 5 . 35 58 A1 DN A 1) 30 248 08 1 K T AR v

P RS LR R R [T]. 3 R B, 2020, 42(6) -
1267-1281.
Liu Y, He C R. Rate dependence of friction of horn-
blende and implications for unstable slips[J]. Seismolo-
gy and Geology, 2020, 42(6) : 1267-1281. (in Chi-
nese)

[138]Niktabar S M M, Rao K S, Shrivastava A K. Effect of
rock joint roughness on its cyclic shear behavior [J].
Journal of Rock Mechanics and Geotechnical Engineer-
ing, 2017, 9(6): 1071-1084.

[139]Jafari M K, Hosseini K A, Pellet F, et al. Evaluation
of shear strength of rock joints subjected to cyclic load-
ing [J]. Soil Dynamics and Earthquake Engineering,
2003, 23(7): 619-630.

[140]# F O i R, &5 .1 BBY V) 3R 50 K 3R 1 B 5

FRAEAE Lo M [T]. a4 Jr 2 5 TR 24, 2011, 30
(3): 480-485.
Cao P,Fan X, PuC Z,et al. Shear test of joint and anal-
ysis of morphology characteristic evolution of joint sur-
face[J]. Chinese Journal of Rock Mechanics and Engi-
neering, 2011,30(3): 480-485. (in Chinese)

[141]Zhang X B, Jiang Q, Chen N, et al. Laboratory investi-
gation on shear behavior of rock joints and a new peak
shear strength criterion[ J]. Rock Mechanics Rock Engi-
neering, 2016, 49(9): 3495-3512.

[142 ]Niktabar S M M, Rao K S, Shrivastava A K. Shear be-
haviour of regular and irregular rock joints under cyclic
conditions[ C]//Proceedings ofthe 3rd International
Symposium on Mine Safety Science and Engineering.
Montreal: McGill University, 2016: 193-198.

[143]Fan W C, Cao P, Long L.Degradation of joint surface
morphology, shear behavior and closure characteristics

during cyclic loading[J]. Journal of Central South Uni-

1226

versity, 2018, 25(3): 653-661.

(144 18 WS, AR A2 ST . 5 A 25 44 T 2 285 85 1) 3K 30 BF 9 IR
PR [T]. HhERP IR, 2015, 30(4): 1971-1980.
Zheng B W, Qi S W. Review of research status of rock
joints under dynamic shear test condition[J]. Progress
in Geophysics, 2015,30(4): 1971-1980. (in Chinese)

(145 ] Jal M A2 7 30, R 53, 45 . DR B L U 447 T 45 g 1 5 1)
FEPERE AT [T]. A 1%, 2019, 40(3) : 852-860.
Zhou H, Cheng G T, Zhu Y, et al. Experimental study
of shear deformation characteristics of marble dentate
joints[J]. Rock and Soil Mechanics, 2019, 40(3): 852-
860. (in Chinese)

(146 i 5 06, BRive A, IV A0 . 8 A R 540 T ) 2 R0 92 36
WEFELT]. M BTRkF, 1979(2): 157-166.

Zhou R G, Chen S C, Sun G Z. Experimental study on
mechanical effect of sawtoothed structural plane [J].
Geological Sciences, 1979(2) : 157-166. (in Chinese)

[147]Liu X R, Kou M M, Lu Y M, et al. An experimental
investigation on the shear mechanism of fatigue damage
in rock joints under pre-peak cyclic loading condition

[J]. International Journal of Fatigue, 2018, 106:

175-184.
[TAS]REAM G VLAY, JR AR 55 BT =i H i SATEN R
R F1 SR 45 TR A D7 5 S 3T UK e [T ] A £

1%, 2015, 36(6): 1557-1565.

Xiong Z Q, Jiang Q, Gong Y H, et al. A method for
preparing natural joints of rock mass based on 3D scan-
ning and printing techniques and its experimental valida-
tion[ J]. Rock and Soil Mechanics, 2015, 36(6): 1557-
1565. (in Chinese)

(149 JVFIL, B4R 3, 00 L2 . S [) i PR 485 4 T 7 B0 5 U118 56
WEFELT ] LA 5E ST &, 2018, 38(11): 79-84.
XulJ, QuJ M, LiuY X. Experimental study of differ-
ent structural planes with different mechanical causes un-
der cyclic shear loading [J]. Mining R &D, 2018, 38
(11): 79-84. (in Chinese)

1505k AEZE  1E T &, JEREW, 4F . & T PFC2D B EH ik 5 1

S W 45 R T BY ) R AR ST 7] A e, 2016,
37(4): 1031-1041.
Zhang Y H, Wang D J, Tang H M, et al. Study of
shear strength characteristics of heterogeneous disconti-
nuities using PFC2D simulation[J]. Rock and Soil Me-
chanics, 2016, 37(4): 1031-1041. (in Chinese)

CISTTaK At , b ol , HE 28, 45 ] S —ol 50 43 fok v 55 D7) ) 2 1
B K R ML BRI AT S [T]. B e 5 LR,
2020, 39(3): 550-559.

Zhang M C, Sheng Q, Cui Z, et al. Experimental

study on shear properties and failure mechanisms of sur-



rounding rock-lining contact surfaces[J]. Chinese Jour-
nal of Rock Mechanics and Engineering, 2020, 39(3):
550-559. (in Chinese)

[152] Xt , = gt A, 28 Mg 0, 55 . 09 D) o 3 % F 1 2 By

PRI 55 U1 D) F R g m ph g (], & - Ji%¥, 2017, 38
(7): 1967-1973,1989.
Liu T T, LiJ C, Li H B, et al. Study of influence of
shear velocity on shear mechanical properties of planar
filled joint[ J]. Rock and Soil Mechanics, 2017, 38(7):
1967-1973,1989. (in Chinese)

[153]Tang Z C, Liu Q S, Xia C C, et al. Mechanical model
for predicting closure behavior of rock joints under nor-
mal stress [J]. Rock Mechanics Rock Engineering,
2014, 47(6) : 2287-2298.

[ 154]Shehata W M. Geohydrology of mount vernon canyon
areal D]. Golden: Colorado School of Mines, 1971.
[155]Goodman R E. Methods of geological engineering in dis-
continuous rocks [M]. New York: West Pubishing,

1976.

[ 156 ]JKulhawy F H. Stress deformation properties of rock and
rock discontinuities [ J]. Engineering Geology, 1975, 9
(4): 327-350.

[157]Barton N, Bandis S, StrengthBakhtar K. Deformation
and conductivity coupling of rock joints[J].International
Journal of Rock Mechanics and Mining Sciences &. Geo-
mechanics Abstracts, 1985, 22(3): 121-140.

[ 158 ]Baghbanan A, Jing L. Stress effects on permeability in
a fractured rock mass with correlated fracture length and
aperture [J]. International Journal of Rock Mechanics
Mining Sciences, 2008, 45(8): 1320-1334.

[159]Oden J T, Martins J A C. Models and computational
methods for dynamic friction phenomenalJ]. Computer
Methods in Applied Mechanics and Engineering, 1985,
52(1-3): 527-634.

[160]Swan G. Determination of stiffness and other joint prop-
erties from roughness measurements[J]. Rock Mechan-
ics Rock Engineering, 1983, 16(1): 19-38.

[161]Sun Z, Gerrard C, Stephansson O. Rock joint compli-
ance tests for compression and shear loads[J]. Interna-
tional Journal of Rock Mechanics and Mining Sciences
&. Geomechanics Abstracts, 1985, 22(4): 197-213.

(16290 o L . AN 3 S 1 B )« A2 BB Ak se [T]. & A

5T, 1987, 6(4): 287-300.
Sun Z Q. Study on mechanical characteristics of rock
mass discontinuities [ J]. Chinese Journal of Rock Me-
chanics and Engineering, 1987, 6 (4) : 287-300. (in
Chinese)

L1639 S AR STHL . 45 44 T8 P G 72 T 7 ) R 4 i P A

AR TITRRLT]. MRk, 1983(2): 177-180.
Sun G Z, Lin W Z.The compresstional deformation law
of rockmassstructure surface and a constitutive eoua-
tion of rockmass elastic deformation[J]. Scientia Geo-
logica Sinica, 1983(2): 177-180. (in Chinese)

[164 ]Malama B, Kulatilake P. Models for normal fracture de-
formation under compressive loading [J]. International
Journal of Rock Mechanics Mining Sciences, 2003, 40
(6): 893-901.

(165 ]a 4% , B e 54, X 49 , 45 . SOk Ay o 1 B e 2k

PV [ AR A BRI [T]. 5 £ DR a4, 2008,
30(9): 1316-1321.
YulJ, Zhao X B, Zhao W B, et al. Improved nonlinear
elastic constitutive model for normal deformation of
rock fractures[ J]. Chinese Journal of Geotechnical Engi-
neering, 2008, 30(9): 1316-1321. (in Chinese)

(166170, A5, £ 350, 55 . 4 BE AR B A0 T S5 0 T 1k

AR TEREAE(T]. ZRdb R 2% (A AR, 2016,
37(10): 1479-1484.
Qiao L P, LiQ, Wang Z C, et al. Normal deformation
behavior of rock joint with deformablerock wall [J].
Journal of Northeastern University ( Natural Science) ,
2016, 37(10): 1479-1484. (in Chinese)

[167 ]Holm E, Holm R, Shobert E I. Theory of hardness
and measurements applicable to contact problems [J].
Journal of Applied Physics, 1949, 20(4): 319-327.

[168]Greenwood J A, Williamson J B P. Contact of nominal-
ly flat surfaces[J]. Proceedings of the Royal Society of
London, Series A, Mathematical Physical Sciences,
1966, 295(1442): 300-319.

[169]1Greenwood J A, Tripp J H. The contact of two nomi-
nally flat rough surfaces[J]. Proceedings of the Institu-
tion of Mechanical Engineers, 1970, 185(1): 625-633.

[170]Brown S R, Scholz C H. Closure of random elastic sur-
faces in contact[J]. Journal of Geophysical Research:
Solid Earth, 1985, 90(B7): 5531-5545.

[171]Brown S R, Scholz C H. Closure of rock joints [J].
Journal of Geophysical Research: Solid Earth, 1986, 91
(B5): 4939-4948.

[172]Matsuki K, Wang E Q, Sakaguchi K, et al. Time-de-
pendent closure of a fracture with rough surfaces under
constant normal stress[J]. International Journal of Rock
Mechanics Mining Sciences, 2001, 38(5): 607-619.

[173]Cook N G W. Natural joints in rock: mechanical, hy-
draulic and seismic behaviour and properties under nor-
mal stress|J]. International Journal of Rock Mechanics
and Mining Sciences &. Geomechanics Abstracts,
1992, 29(3): 198-223.

1227



[174 ]Hopkins D L. The implications of joint deformation in
analyzing the properties and behavior of fractured rock
masses, underground excavations, and faults[J]. Inter-
national Journal of Rock Mechanics Mining Sciences,
2000, 37(1/2): 175-202.

(L7510, A R4k, 45 . 28 iR R A8 T) 1) 5 341 14

GATRIIEAT]. A A 1% 5 TR%¥H, 2012, 31
(3 1): 3068-3074.
Tang Z C, Xia C C, Song Y L, et al. Joint closure de-
formation model based on asperity-substrate deformation
[J]. Chinese Journal of Rock Mechanics and Engineer-
ing, 2012, 31(Supl): 3068-3074. (in Chinese)

(17618 i, B0 Ak, 4 1 55, 45 . 25 IO O AR T8 0 o™ 44

AR EAE IR A A A AR e Al [ T]. 4 +
T4, 2017, 39(10): 1800-1806.
Tang Z C, Huang R Q, Jiao Y Y, et al. Theoretical clo-
sure model for rock joints considering interaction of de-
formations of substrate deformation and asperity [J].
Chinese Journal of Geotechnical Engineering, 2017, 39
(10): 1800-1806. (in Chinese)

(177120 . 7 A %5 TR IM]. db s B2 W ot
2002.

[178]Grasselli G. Shear strength of rock joints based on quan-
tified surface description[ D ]. Switzerland: Swiss Feder-
al Institute of Technology, 2001.

[179]Grasselli G, Egger P. Constitutive law for the shear
strength of rock joints based on three-dimensional sur-
face parameters [J]. International Journal of Rock Me-
chanics Mining Sciences, 2003, 40(1): 25-40.

[ 180]Hungr O, Coates D F. Deformability of joints and its re-
lation to rock foundation settlements[J]. Canadian Geo-
technical Journal, 1978, 15(2): 239-249.

[181]Amadei B, Wibowo J, Sture S, et al. Applicability of
existing models to predict the behavior of replicas of nat-
ural fractures of welded tuff under different boundary
conditions [J]. Geotechnical Geological Engineering,
1998, 16(2): 79-128.

[182]Simon R, Aubertin M, Mitri H S. A non-linear consti-
tutive model for rock joints to evaluate unstable slip
[M]. Leiden: A A Balkema Publishers, 1999.

[183]Saeb S, Amadei B. Modelling rock joints under shear
and normal loading [J]. International Journal of Rock
Mechanics and Mining Sciences &. Geomechanics Ab-
stracts, 1992, 29(3): 267-278.

[ 184]Simon R. Analysis of fault-slip mechanisms in hard rock
mining[ D ]. Montreal: Mccill University, 1999.

[185]1Ladanyi B, Archambault G.Simulation of shear behav-
ior of a jointed rock mass[C]//Proceedings of 11th US

1228

Symposium on Rock Mechanics. Berkeley: American
Rock Mechanics Association, 1970: 105-125.

[186 |Plesha M E. Constitutive models for rock discontinui-
ties with dilatancy and surface degradation[J]. Interna-
tional Journal for Numerical Analytical Methods in Geo-
mechanics, 1987, 11(4): 345-362.

[187]Schneider H J. The friction and deformation behaviour
of rock joints [J]. Rock Mechanics, 1976, 8 (3) :
169-184.

[188]Jing L. Numerical modelling of jointed rock masses by
distinct element method for two-and three-dimensional
problems [D]. Sweden: Luled Tekniska Universitet,
1990.

[189]Qiu X H, Plesha M E, Huang X, et al. An investiga-
tion of the mechanics of rock joints: Part II. Analytical
investigation [ J]. International Journal of Rock Mechan-
ics and Mining Sciences & Geomechanics Abstracts,
1993, 30(3): 271-287.

[190]Wang J G, Ichikawa Y, Leung C F. A constitutive
model for rock interfaces and joints [J]. International
Journal of Rock Mechanics and Mining Sciences, 2003,
40(1): 41-53.

[191]Seidel J P, Haberfield C M. A theoretical model for
rock joints subjected to constant normal stiffness direct
shear[J]. International Journal of Rock Mechanics and
Mining Sciences, 2002, 39(5): 539-553.

[192]4 5% . Hefk B BT B B R & TR (M.
AP E AR Tl A, 2016.

[193]Duncan N, Hancock K E. The concept of contact stress
in the assessment of the behaviour of rock masses as
structural foundations[ C]//Proceedings of the 1st IS-
RM Congress. Lisbon: International Society for Rock
Mechanics and Rock Engineering, 1966: 487-492.

[194]Barton N, Choubey V. The shear strength of rock
joints in theory and practice[J]. Rock Mechanics Fels-
mechanik Mecanique des Roches, 1977, 10 (1/2) :
1-54.

[195]Maksimovic M. The shear strength components of a
rough rock joint[J]. International Journal of Rock Me-
chanics and Mining Sciences &. Geomechanics Ab-
stracts, 1996, 33(8): 769-783.

[ 196 ]Patton F D. Multiple modes of shear failure in rock [C]//
Proceedings of the 1st ISRM Congress.Lisbon: Interna-
tional Society for Rock Mechanics and Rock Engineer-
ing, 1966: 87.

(197 153k , B Ak, 2 G . D3 Y 4 045 bR A 14 295 449 T 8 1) A%
J& K BE AR AR [T]. 0 ¢ 24 4, 2014, 39(7) 1229~
1237.



Huang D, Huang R Q, Lei P. Shear deformation and
strength of through-going saw-tooth rock discontinuity
[J]. Journal of China Coal Society, 2014, 39 (7) :
1229-1237. (in Chinese)

[198]Liu Q S, Tian Y C, Liu D F, et al. Updates to JRC-
JCS model for estimating the peak shear strength of
rock joints based on quantified surface description [J].
Engineering Geology, 2017, 228: 282-300.

[199]Patton F D. Multiple modes of shear failure in rock and
related materials [ D ]. Champaign: University of Illinois
at Urbana-Champaign, 1966.

[200]Goldstein M, Goosev B, Pvrogovsky N, et al. Investi-
gation of mechanical properties of cracked rock[C] //
Proceedings of the 1st ISRM Congress. Lisbon: Inter-
national Society for Rock Mechanics and Rock Engi-
neering, 1966: 521-529.

[201]Barton N R. A model study of rock-joint deformation
[T]. International Journal of Rock Mechanics and Min-
ing Sciences & Geomechanics Abstracts, 1972, 9(5) :
579-582.

[ 202 ]Barton N. Review of a new shear-strength criterion for
rock joints [J]. Engineering geology, 1973, 7 (4) :
287-332.

[203]Bandis S, Lumsden A C, Barton N R. Experimental
studies of scale effects on the shear behaviour of rock
joints [J]. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts, 1981, 18
(1): 1-21.

[204]1ee Y K, Park J W, Song J J. Model for the shear be-
havior of rock joints under CNL and CNS conditions
[J]. International Journal of Rock Mechanics Mining
Sciences, 2014, 70: 252-263.

[205])8 = 0 . HE T BAP (15 7R 45 b TDHURS B2 5 08 (8 5T 59 5%
FERFFEID ] BB R, 2014,

Ge Y F. Research on roughness and peak shear strength
for rock discontinuities based on BAP[ D ]. Wuhan: Chi-
na University of Geosciences, 2014. (in Chinese)

[206]Xia C C, Tang Z C, Xiao W M, et al. New peak shear
strength criterion of rock joints based on quantified sur-
face description [J]. Rock Mechanics Rock Engineer-
ing, 2014, 47(2) : 387-400.

(207 JREAE ML, A RIETE 55 . Grasselli 1 BLUE(E BT 57 52
JEAKXFRIT] A A 1285 TR YR, 2012, 31(2)
356-364.

Tang Z C, Xia C C, Song Y L, et al. Discussion about
grasselli s peak shear strength criterion for rock joints
[J]. Chinese Journal of Rock Mechanics and Engineer-

ing, 2012, 31(2): 356-364. (in Chinese)

(20814 it , ek , #2461 B R 59 i B il A 5 [T ]

AT TR, 2015, 34(5) : 884-894.
Yang J, Rong G, Cheng L, et al. Experimental study
of peak shear strength of rock joints[ J]. Chinese Journal
of Rock Mechanics and Engineering, 2015, 34 (5) :
884-894. (in Chinese)

[209]Yang J, Rong G, Hou D, et al. Experimental study on
peak shear strength criterion for rock joints [J]. Rock
Mechanics Rock Engineering, 2016, 49(3): 821-835.

[210]Tian Y C, LiuQ S, Liu D F, et al. Updates to Grassel-
li's peak shear strength model [J]. Rock Mechanics
Rock Engineering, 2018, 51(7): 2115-2133.

[211]LiuQ S, Tian Y C, Ji P Q, et al. Experimental investi-
gation of the peak shear strength criterion based on
three-dimensional surface description[J]. Rock Mechan-
ics Rock Engineering, 2018, 51(4): 1005-1025.

[ 212]Kulatilake P, Shou G, Huang T H, et al. New peak
shear strength criteria for anisotropic rock joints[J]. In-
ternational Journal of Rock Mechanics and Mining Sci-
ences & Geomechanics Abstracts, 1995, 32 (7) :
673-697.

(213 ] PNl e A L, JT R 6, A5 T = B AR AIE 19 25 A1

U H BT DI SR EEME N B Y (J]. A £ TR AR,
2014,36(3): 529-536.
Sun F T, She C X, Wan L T, et al. Peak shear
strength criterion for rock joints based on threedimen-
sional morphology characteristics [J]. Chinese Journal
of Geotechnical Engineering, 2014, 36 (3) : 529-536.
(in Chinese)

[214]Grasselli G. Manuel Rocha medal recipient shear
strength of rock joints based on quantified surface de-
scription [J]. Rock Mechanics Rock Engineering,
2006, 39(4): 295-314.

(215 JF0 IS AR A 3, B R, 45 . B U Bl S ) 45 1 1y F o

FERRE M 2w [T]. bk Bl 2 5 B 2 4R, 2015, 37
(5): 101-110.
Zheng B W, Qi S W, Zhan Z F, et al. Effect of shear
rate on the strange characteristics of rock joints[J]. Jour-
nal of Earth Sciences and Environment, 2015, 37(5) :
101-110. (in Chinese)

(216 ] /NIIT, 2= 1 e, 0 o, 38 3% — R B ke AR 4 9 38
sy EN KBRS0 e 5 TR,
2011, 30(9): 1810-1818.

Zhu X M, Li H B, Liu B, et al. 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. (in Chinese)
[217]Zaman M M, Desai C S, Drumm E C. Interface model

1229



for dynamic soil-structure interaction [J]. Journal of

Geotechnical Engineering, 1984, 110(9): 1257-1273.

[218]Souley M, Homand F. Stability of jointed rock masses

evaluated by UDEC with an extended Saeb-Amadei
constitutive law [ J]. International Journal of Rock Me-
chanics and Mining Sciences &. Geomechanics Ab-

stracts, 1996, 33(3): 233-244.

[219] 004, TV AR . o VA 45 F) T = 208 41 B fm 48 Ay 5C R

(] AR A4l (A ABFA R L 2005,45(9) : 1193~
1197.

Wang G L, Yin X J. 3D constitutive relation for rock
joints during cyclic loading[J]. Journal of Tsinghua Uni-
versity (Science & Technology), 2005, 45(9): 1193-
1197. (in Chinese)

[220]Kana D D, Fox D J, Hsiung S M. Interlock/friction

model for dynamic shear response in natural jointed rock
[J]. International Journal of Rock Mechanics and Min-

ing Sciences & Geomechanics Abstracts, 1996, 33

(4): 371-386.

(221114 TLE .35 BE A PR 7 b A5 B0 N H: i 0 g 2% 05 vk BRI BF

F[D]. dbat . Jbat 288 K4, 2011.
Xiao W G. Micromechanics-based continuum method
andconstitutive model for jointed rock masses[ D ]. Bei-

jing: Beijing Jiaotong University, 2011. (in Chinese)

[ 222 JHuang X, Haimson B C, Plesha M E, et al. An investi-

gation of the mechanics of rock joints: Part I. Laborato-
ry investigation [J]. International Journal of Rock Me-
chanics and Mining Sciences &. Geomechanics Ab-

stracts, 1993, 30(3): 257-269.

[223] T 4, 6L, R AE D . 5 (A 45 4 T U1 1) 485 B 2 A

MR ABESE [T]. TAEJ1%%, 2005(6) : 97-103,57.

Yin X J, Wang G L, Zhang C H. Study of constitutive
model for rock interfaces and joints under cyclic shear
loading [J]. Engineering Mechanics, 2005, 22(6) : 97-
103,57. (in Chinese)

(AL4h#.RE)

IR 1IE 2118 2UIE J1IE SHIR VIR IR 21IR JTIE SUIE SHIE SUIE S1IR ANIE IR SHIR JUIE 21IR ANIE SR SHIE J1IE 21IR VIR JTIR SUIR JNIE IR AVIE JTIE SUIR JNIE 2UIE NI JTIE S1IR SNIE SHIE SNIE JTIE 21IR SUIE IR SHIE ATIE 21IR VIS J1IE SHIR VIR 2118 21IS J1IE 2]

(EEF11577)

[12]

[13]

b 1 e O L o B A £ B 5=
WS TRERHILT]. 23 %, 2023,68(3) : 75-80.

Zhu L., He L., Wang Z M, et al. Experimental research
and engineering application of in-situ solidification tech-
nology for soft soil foundation[J]. Highway, 2023, 68
(3): 75-80. (in Chinese)

WL, B e, BRI, 25 O3 b DX A b ot b Tl Al B R
[J]. Bhf 4R 5 TR, 2021,21(16) : 6815-6822.

Shen Z, Chen L, Cheng Y H, et al. Solidification tech-
nology of soft soil in beach area[J]. Science and Tech-
nology and Engineering, 2021, 21 (16) : 6815-6822.
(in Chinese)

% 7 G, 10 . T 45 - A 5 G B R 43 )2 I [ R Y
KB HEFELT]. Bl T AR 24, 2022, 39(11) : 19-24, 32.
Luo J C, Shao J C. Experimental research on the lay-

ered reinforcement of sludge by consolidation and solidi-

1230

fication composite Technology [J]. Journal of Raiway
Engineering Society, 2022, 39 (11) : 19-24, 32. (in
Chinese)

Liu X Q, Zhang H Q, Yan Z, et al. Research on bear-
ing characteristics of grid composite foundation based on
silt solidification [J]. Journal of Performance of Con-
structed Facilities, 2021, 35(5): 04021070.

XRS5 J2 A A M N ) A 5 R T E Y
(D] ¥ FH - 2k B A, 2013.

Liu X. Research on the stress distribution and bearing
capacity of the hard shell foundation with rib beam[D].
Shenyang: Shenyang Jianzhu University, 2013. (in Chi-
nese)

F E Mg A B B AE 5 2 A 1 b BR T 5 R B Y
(D] LB - Tk I H K2, 2012.

Wang Y M. Research on the stress and deformation of
the hard shell foundation with rib beam[D]. Shenyang:
Shenyang Jianzhu University, 2012. (in Chinese)



