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Development and application of multifunctional shear test apparatus for rock
discontinuity under dynamic disturbance loading

CUI Guo-jian"2, ZHANG Chuan-qing"?, ZHOU Hui"?, LU Jing-jing"?,
GAO Yang"2, HU Ming-ming"2, HU Da-weil*?
(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)

Abstract: Dynamic disturbance is an important influence factor that causes the sliding instability of rock discontinuity and then
triggers strong dynamic geological disasters, such as earthquake and rock burst. In order to study the mechanical response and
disaster-causing mechanism of rock discontinuity under dynamic disturbance loading, a multifunctional shear test apparatus for rock
discontinuity under dynamic disturbance loading (DDST-1800) is independently developed. The test apparatus is composed of normal
and shear loading units with quasi-static loading, varied normal boundary conditions, dynamic disturbance loading with complex and
wide-frequency waveform (0.5-50 Hz), and wide-range shear velocity loading (0.000 1-10 mm/s) functions, pendulum impact
system, cyclic shear box unit, data acquisition and control units. The servo-controlled apparatus DDST-1800 can conduct the
following typical tests by programmed operations: monotonic or cyclic direct shear test of rock discontinuity under constant normal
load (CNL), constant normal stiffness (CNS), unloading normal load (UNL), variable normal stiffness (VNS), and dynamic normal
load (DNL) boundary conditions with different shear velocities, superimposed dynamic disturbance shear test, velocity and stress step

tests, and pendulum hammer-driven impact test of rock discontinuity under pre-set normal and shear stress conditions. Preliminary
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experimental studies were carried out and the results verified the stability and accuracy of the new apparatus. The research and

development of the new apparatus has important scientific significance and engineering value for clarifying the dynamic response

characteristics of rock discontinuity under dynamic disturbance, and deeply understanding the triggering effect of activation

instability of rock discontinuity and disaster-causing mechanism of geological disasters such as earthquake and rock burst.

Keywords: rock discontinuity; dynamic disturbance; velocity and stress step test; earthquake monitoring and prediction
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Table 2 Main technical parameters of multifunctional
shear test apparatus for rock structural plane under
dynamic disturbance loading
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structural plane under dynamic disturbance loading

/Zsb JIER (A

2 In i i

UOE:

B s i i
WL L
(7 E——

/

HEmBLEEss WS

L ——

B2 mBERGEREE

Fig.2 Schematic diagram of loading system



% 6 W

BEEES: I IMsfER T 2 0hees f

ST Y D62k BT 5 N A T 1731

=
RITHELE
]
FEFT
EEal
ik
[
[ |
a o

B3 SEriRESEE
Fig.3 Schematic diagram of pendulum hammer-driven
impact system

B SE EEEE L, Y& (400 mmx
150 mm>100 mm) “Z3AEFH b, KRB
BI)& (300 mmx150 mmx100 mm) it B2k [
LR A AW E, b FETYI &R T £ R
UATHEVS CRIBaN e DRI TR Y GEE S VS S 2 b =R il N
DABEAR BT )i F o b E iR R 8 R . B )&
e A PR AT R J, B S AT S
VTR BEZE R, Wi 2 fR. B B2 R 1 BY1)
RIS B U SN R KT R, T ey
VI G A REH IR E T M5 .

NI RAER G UIRLS, A& Nedl&
AT T EIIRE. FEIYIEH LB, 55U
BN 4 AR B AR 2H e, e BT D) AR B % [ e A
F A IR A OV BT BB A IR A E B8 i v . 358
i R TR OB AR LI BT DI A 2 55 1)
AR ANTZE L 2 BY DI T84 55 T B9 ) & Bl AT 405
BRI
3.2 NERS

Wz R G FEH I & CREM IR R 5.
HE I = AR AR R 40 3% 88 RMC200.  $d R4
R EARERES . ARG ph AR AR AT
TR PEAL AR S R o Ay B A RS 1) 2 R AR L D 2K
ut, EFEHN 2000 kN, JEREEH 0.05% F.S, (ife
kA B EL T, 2N 200 mm, &
FEEEN 0.01% F.S, s /) SN id FE A% s 2 2 A2 45
ANk 2 18], I A FE S R AR R s, H
HE R [ ff s 5 8% S B RFE AR AT 7E 0~
1 000 Hz G W AEAk, s /5 RO BE RN Ay
150 kHz.

ARSI RS H T AR AR il 8%
RMC200. Al &A% JMEL T iR S
BRo R ARSI RS, R0 %E E A SE I E ik

FfEk . EEIEFRIEE . ARVERRIEE . B sh
O T e ) 1A N G B2 ot il I i |8 i B e =Xl SO/
FEEWE 4 o, AR NSRS, BIER
8 i DK M [l 2 ) 48 RMC200 N RIES, 45
A RMC200 S i sk #m A # 2dis , xF E B A
HASEBRMEZ Z T HARR PID Mt Z40, MG
RMC200 K58 5 ) PID S50 A6 A HUAE 5 1 F LE A
PRI b3 SR A, AT SEI— AN IR I FE (R
it

[ TR ]

=N
J

TRIEL S5t

palll3

Dy N
[ %41 2% RMC200 J
, ?1 =
@ 4~20mA 2 ©
4-20mA S L s
(&Y
I 0~10V 0 1oV
im -
® [ —
T ik Pean mumm | gHETAY SR
H s i e R gg%i%§MﬁW%$

B4 fRRGHAFZHREE
Fig.4 Schematic diagram of closed-loop motion control of
servo-controlled system

3.3 WEMERAHRS

FH T E AS Ina8 s A sh A sk A sh #s AT i A2
HOCHE R R A AR R I EERANA], A TR
HIHIEL, S N G AN SIS I A E 248 43 R A
ANFEF USRI . X T E A k&, ff
1 & 11 kW B 1| SEREN 6 L/min,
TAEEF328 13 MPa [FREZR IS KT3I NE
Eshes, HH 3 & 15kW HHLLLL 1 SUEREA
66 L/min. TAEJE /18 21 MPa IR ZRIRE) . W&
A BRI N 900 Lo £ 7 MPa TAEEZE N, 317
] R W BRI B A 63 L/mino AR TSNS In#k
AR LR, AR S et T 2N E & RS .
s K3 AN s U AR, R R TR, 5
W& & IE R I81T, N RGIERIET, RN E
WELE T — B XA AL

4 WP I AR
AT WAL RGN SRE R T % et i



1732 F eI

SERYTH BT U056 B DDST-1800 2]« W 75 Ae
Dhee T 5Etk, PR T — RPN ALK &4 FIER A
BUPIRLS, BFEERAN I R U . RS
I Anzh 71380 85 V15 DA K $8 b i 2L 5l 133
BIUIRSS, AR THIP RIS R . TR AL
EIAL RN, @i T Y] B AR AR A o
T % 300 mmx150 mmx100 mm HJH: 744 b4k
F1400 mmx150 mmx100 mm [ 54K #3RFE
TIPRE &KL (W 5, [Fm e 1 bRk
FEAARRAE T FF R st & 2 e B 240G, R0 e
AL B A T3 B BT SR 225.13 MPa. S EASE
B/ 53.47 GPa HFA LN 0.2 58 A 12.6 MPa.

B5 “FEIENKESRH

Fig.5 Planar granite samples

4.1 EFEFFSIH KRBV L R
BRI, YR A 0.005 mm/s—
0.025 mm/s—0.125 mm/s—0.5 mm/s—1 mm/s FIJ
BERAT, (A 1 HEYYIE R T BN /) dh 2k N F e
(RIS S T B JE AR 58 2 INER, Bl & Z0mB0E 3
NEIUIALFEY N 2 mm. ] 6 24 20 MPa VAR N )R
FEAE KA RN IR SR . B AL, B
B0 ok P o B A R gk AR e PR AT, ) Eb SRR H BY
PId R (RN BTYIAL A - 8] dh 2o A1) Ay N BT
PIRAESL T AR H KRG R, L 0.5 mm/s
PN BT 2N, 100G 15 30 1 SR H B D)
4 0.499 mm/s, BIYIEZFIRZEMLT 0.5%.
HUAEBARIAL, FEALR BN ) il fig
ALY B AN 5 AR e BRI BB BR AR, 72 R
BB, SRV R T BN &3 B T
AR A I B PE R I REAE , &5 Karner 5512085
RUEFAR IS BN PR RGP (0.01~0.3 mm/s) 3k
R REA . FIFFAA BENYER
WRAHRFAE, WA BTV, Fg SR b
R R . BT ZEA 0.005 mm/s B,

hoo 2022 4
15%=0.005 mm/s v=0.125mm/s v=1mm/s
v=0.025mm/s v=0.5mn/s
12
<
o
2 9}
R
2
B o6
=
3 L
0 1 1 1 1 1 J
0 2 4 6 8 10 12
BIPIA1F /mm
(a) BIPIR J-BI YR 4
14 - v=0.005 mm/s v:01025dmm/s 12
< bl
12 410
s 10F ] 8«
_% 3 ;l £
= N Il 16 ‘E
R 6 I :é
® =
i firks % 4R
-
”
2 F - 12
-
-
0 - 1 1 1 1 1 1 0
0 100 200 300 400 500 600 700 800
i [A]/s
(b) BIYIRSy (BIYIRIEe )~k [a] i 22
14 v=1mm/s 712
v=0.5 mm/s
v¥0.025 mm/s  v=0.125 mm/s ’
5 410
13 1
& 18 g
2 £
2
= R
=® 14 &
1 2
10 1 1 1 1 1 0
685 690 695 700 705 710 715

B [A)/s
(c) B 6(b)HAETE R 23 UK

e HEERHERRLLR
Fig.6 Results of velocity step test

S35 ) AN R FE A 43 5 1.39 MPa F 39.22 s,
MBI RN 1 mmy/s 15, P35 87 7 B AEH T8 A 1145
54 0.40 MPa A1 0.11 s. Meng 25BOERIRETE K 5
BIYNALS oSS 7RIS R . sAt, BEEETY)
HEARIEOR, BIYIRE B IEEH  E R N J) N 5 MPa
PAKANF YR TR g R (B 7 it
—WAESE T kg, B 7(c)rl %1, 7E 10 mm/s
BIYIE R P BAC KA R T RE g SREE, 4
AR ELAE K a1 SR R B BT D) i3 AR A



%6 FEE A B IEE R T 2 Dhata A g A T 8T U 2% B 5 B BT 7 1733

EY B BRI R RFAE . VAN 1 MPa
I, JEpdE BefaEinsl, BRI, &

P, BB B D) N S S R T I R AR

JURL
.- WA R I, MAEER RN ) =5 MPa i, {82
PORKAEFTEIES) . FigFE R A B2k SR
3 b HURFAE, BT S A L g B RN R e J) S v ) 8
g IR (L 3).
R Ht
,12
B 35 61
= wl gl _o=30MPs
B | IR
L s 2 F
! v
0 I I I : I & 20 0 0 200 400 600 XOOIOOOI
0 2 4 6 8 10 _% e E
YIYIRL S fmm g /// YYIR /)
wr /0 Teaadat !
(a) BIY)IE =9 0.000 1 mm/s —
5+ 9:.5--- -
4 o el Mps/
0 500 1000 1500 2000 2500 3000
3 b i il/s
£
% (a) Y] R B A—I Rl 4%
D 2
§ 35 ! 110
= EFIR 5 30 MPa
| P
o8
£
2
O 1 1 1 1 1 _R . 06 ﬁ
0 2 4 6 8 10 E g;
g‘;t}]{ﬁfg/mm —ﬁ 404 J&
(b) BIYIE A 0.1 mm/s 1os
4 -
C— == 1 1 1 1 00
0 500 1000 1500 2000 2500 3000
3 F I [ /s

(b) LR (FEEERED i 2k
B8 MAMKRKRLER

Fig.8 Results of stress step test

VI8 J1/MPa
(3]

E%

R3 AFIEREN A TEREN SRR

0 0 2 4 6 8 10 Table 3  Stress drop and period of stick-slip events under
BYIA R /mm different normal stresses
161 B 77/MPa R N F%/MPa R A /s
(c) BIUIEAN 10 mm/s | 0.09 4.93
Bl 7 5MPa¥ERR ] A RARBIYER T HRRE R 3 0.53 13.75
Fig.7 Results of stress test under different shear velocities 10 0.83 18.52
30 2.81 63.36

and 5 MPa normal stress

Kl 8 AP ELAL KA M IR IR 45 51, ikge
BIYIEAR A 0.005 mm/s, LN SR 1 MPa—
5 MPa—10 MPa—30 MPa [JINE 4%, B 3 iamizk
YIRS IE N 3 mm, 5 4 Famr BB N S mm.
BE A V2 ) g 3G K, WA BT g 36K, T I R
FREPHC, X5 EERRL) RS RO N E
BB W= A A G . B K R B 7 T BY B g 2k

4.2 BEBINFESESIABTIRAK SR
IESZPAN =PRI REA T - G FE A il 52
B =M AE T R A (sl (%) —I Tl ih 400,
FIRCE IR, RIS 5 R A A BOE ) H bsME
BEAT VAR SEOTR BB . X T =AM, #2EAE
D3 mU LI AR E , T PRAIE = Fe AR, BL
A B ) = A B, 6 A o e ] gz



1734 =

VAl & 2022 4

RGBT BTV A 18] S TN B B AT I e
o B9 AN R ANFIRIE T ¥ 7 1 5% A0 = A1
N FRBIREE R BT, SEBak 3 740
PRI SMABOL S8 MR ARIESES
B FEASE TR NME, UESE TR 56 55 e
{5 R R 1t 0 AN [R5 RN W 0 L 52 38R = 3 97 20
Jiah. AEMEERS b, T N R IR R R AR R
Wi, AIZ% Qi AP IR WIY 7 W 553k
& ARCAHIER

200

120

Y AT BU/KN

40 |

0 1lo 2Io 3|o 4|o 5.0 6;)
N Te)/s
(a) 1 Hz IE3Z3%
150
130 |

110 |

90

AT H/N

70 F

50 1 1 1 1 ]
0.0 0.1 0.2 0.3 0.4 0.5

] /s

(b) 20 Hz 1F3% 3
100
80 |
60

40 |

R /KN

20 |

0 1 2 3 4 5
i 1A/
(c) 5 Hz =ik
B9 iEREREINIEZEM=MAES MRS R
Fig.9 Results of static normal load superimposed sine
wave and triangular wave dynamic disturbance

Bl 10 M@ ik im s & EsL sl B
164 A YRR 45 R, Horh a6k 1R B /18 2 MPa,
WILEBIYIN 134 1 MPa, Z 0 IEZHE A% R 10 Hz,
PRIES> 5N 0.67 1. 1.33 MPa, HN#EEE1HN 50 7Kk,
e & 10(a) T 1, 5 ) 1E SZ P8l far 21 5 08T 1) B i
JBE P R B AR R IE 52 B TR AR L, X 5 A A AR
B (RIARA RONLAR G o 23101311 J 33 Bl s 5 1 225 44
e, B EZBIRIESRE N, WGk TiER
BIE A TR =2 8. HE 10(b)AT %1, 24
PERIESZ PRI N 0.67 MPa i, $tahid 7 B AL
KA A AL TR RS, BV ) IR SR AR R
hn# 1 MPa 1 1.33 MPa, $iahfE R EAE KA 5t
IR,  EIE A% B ANTE 7% B B AR 1 3 oK T
iy N

11
/

IR Ty

N 77/MPa
FE P R A

0.5 1.0 15 2.0 25
I [8]/s
(a) YA R B D) N A AL R
[ — JRIEN 0.67 MPa
— — - JRIE 1.00 MPa

[ e PRIEA 1.33 MPa

BIYIA % /mm

o~ — —
e -
" ——

0 l.‘:«-“ L I 1
0 2 4 6 8

By [6)/s

(b) BYYIM R b A

B 10 ERERENIEZEINAMNER T FEENE
BIIR KSR
Fig.10 Results of dynamic shear test results of
planar granite under static normal load superimposed
sine wave dynamic disturbance

4.3 FE TN ISR
K11 87 BAE b e dR A ph i B U SR 25 2R, 42
R AT S A I ARV I B 009 2 MPa, 14639 )



%ol HEES: e T2 o6esE

2 T B U 50 2% A 5 N AE A 1735

NiJ38 1 MPa, #WIUG3EM 9 15°F130° . sHEAT I,
Dt A 2 1 F T R 80k e S A TR B, BY
DI A& hn, B2 3aEne EFEl, S5MmiEs
e sha, BAMEIFEZN 300 ps. EEIEM
WK, RN MIRERIE N, IS BUE S
A BRI K A EAE T A A AT
BRI R I 5 Yao 2520 45 B —FL.

L2 r 30° 24
\ e
10 b -
7
g //
E 0.8 y
R
5 o6 /
= // 15° 43 £
|04 F \
/
/
0.2 /
0.0
0 200 400 600 800 1000
i [A]/us

B 11 15° A0 30° B A T RS BT IR SR AL AR
Fig.11 Evolution of shear displacement of granite interface
subjected to pendulum hammer-driven impact shear tests
with pendulum angles of 15° and 30°

ARG VAL, DMEREF T BRI A 4
A B U Rl L, b 25 RS A M T B )
AR BN IR . T TR SE AR, 454
AR BRI R ph it 558 R F IR Z G
DUN AR T2 55 far 85 230 SR Bh 75 K K 45 A T
RASTIECH,  ASCIEIR IR GZ N 3P sh K U i 434
T PREh T E5 AT B DK B 25 RAIESE T BRI AL
R, S R 963 & I Al T e 3l 04 sh
YRI5 Am SR T 51 77 Wi SERFALE S e A SR AL
Hw SRR G .

5 45

RICTEHNA T HFERR I ANER T %
A A PRI E, R ZRE TR
TG HRIGHT T, B0IUE T RG] SEME AR e 1,
FEEBIFR:

(D EEEARGH, KHWEARFRRIZ) I3
R, WMIWHR T —EIIMIMEH N 2 RS A
ST BRI E, AT R G E 3
J1%, BIYEFR AL 10 mm/s, VA A1) AT 2
15 1800 kN, 5624 B ¥ R DO Al A ke 1 [ Py Ak
Z AN IRENE RN m LT8R WA MR, N
BF T 25 A 2 0 TR 14 39 717 V0] IS7 AR5 A0 R8N R A 7

RS SR AN ) BB T K AT A A T A SR A i
RS MU SR T RBEBOR S

()BT 1P EAE KA AN T B R i,
7~ T B F ARSI RL AR, B B IR
IR0, R SRR AR TR,
T FREEE [0 N2 TSR e < Y 1 g B AN R 7 ol 30
BN

(3) JRMIESZ N 1A s0 VA48 A b 3 5]
AT B VIR SRR, S Eh R R A A
SERTH R ARSI B — R R K

Z % X W

(1] WAE. REE R 2 5T REE I TEHERE ()], A

4%, 2019, 44(5): 1283-1305.
XIE He-ping. Research review of the state key research
development program of China: deep rock mechanics and
mining theory[J]. Journal of China Coal Society, 2019,
44(5): 1283-1305.

[2] SZgie, AEMG, FEEREL )NGEEKER X TREH TR HY APk
HR[V]. A TR AR, 2020, 39(12): 2377-2389
PENG Jian-bing, CUI Peng, ZHUANG Jian-qi. Challenges
to engineering geology of Sichuan-Tibet railway[J].
Chinese Journal of Rock Mechanics and Engineering,
2020, 39(12): 2377-2389.

31 WA, ®zaly, i, & 3T ahidhdit s ek

BINPERE TEINED). K5 %2 TR, 2020,
37(4): 767-776.
CONG Li, CAO An-ye, ZHOU Yuan-hong, et al. The
comprehensive pre-warning method of rock burst hazard
based on theory of dynamic and static combined loading[J].
Journal of Mining & Safety Engineering, 2020, 37(4):
767-776.

[4] PSR, WHEOK, & R TR IE A AR e 1k
W] HEZIEER, 2011, 32(2): 67-70.

FU Hong-xian, ZHAO Yong, XIE Jin-shui, et al. Study on
the stability of the surrounding rock of blasting construction
tunnel[J]. China Railway Science, 2011, 32(2): 67-70.

(5] AEEAE. ShEHE T [ AR H S A b o A L

Ko sl AR D] db5t: BESR ST, 2018.
JIAO Jian-kang. Burst failure mechanism and control
technology of roadway anchorage bearing structure under
dynamic load disturbance[D]. Beijing: China Coal
Research Institute, 2018.

(6] Z4Lkt, B, BRME. EESRY LIRRITR b
1B ). B EA ALK, 2011, 21(10): 2551-



1736 & 0t o = 2022 4
2563. International Journal of Rock Mechanics and Mining
LI Xi-bing, YAO Jin-rui, GONG Feng-qiang. Dynamic Sciences, 2004, 41(2): 275-286.
problems in deep exploitation of hard rock metal mines[J]. [15] SHRIVASTAVA A K, RAO K S. Physical modeling of
The Chinese Journal of Nonferrous Metals, 2011, shear behavior of infilled rock joints under CNL and CNS
21(10): 2551-2563. boundary conditions[J]. Rock Mechanics and Rock

[71 ZHANG C, FENG X, ZHOU H, et al. Case histories of Engineering, 2018, 51(1): 101-118.
four extremely intense rockbursts in deep tunnels[J]. [16] CUI Z, SHENG Q, ZHANG M, et al. A new direct shear
Rock Mechanics and Rock Engineering, 2012, 45(3): apparatus for rock joints specialized in cyclic loading[J].
275-288. Rock Mechanics and Rock Engineering, 2021, 54(8):

(8] EMEH, HAME. A0 E NIRRT e— 4321-4327.

RMT-64 541 71585 RG], A1 71%, 1994, 15(1): [(17] AL, 20K, WEEE, 55 KMZIRem ks A4
50-56. T BY D) 4] Al 36 2 48 S D Re AR 7 i 0], & 705,
GE Xiu-run, ZHOU Bai-hai. The new progress of the 2020, 41(9): 3159-3169.

rock mechanics laboratory test device: the test system JIANG Quan, LI Li-fu, FENG Xia-ting, et al. High
RMT-64 of rock mechanics[J]. Rock and Soil Mechanics, pressure shearing servo test system for rock joint with
1994, 15(1): 50-56. multi modes and corresponding function test analysis[J].

[9]1 VL, @57, FORE, 55 SRS 408y Uil Rock and Soil Mechanics, 2020, 41(9): 3159-3169.

BB WA B NI [T]. A AR S TR AR, 2011, (18] AEWFST, BJRAE, PR, & ARSI R
30(4): 677-685. PRI A IS R G LA RN BT AL ). AR S
XU Jiang, PENG Shou-jian, YIN Guang-zhi, et al. TR, 2021, 40(7): 1337-1349.

Development of meso-shear test equipment for coal rock DU Shi-gui, LU Yuan-jun, LUO Zhan-you, et al. Combined
containing gas and its application[J]. Chinese Journal of test system for size effect of rock joint shear strength and
Rock Mechanics and Engineering, 2011, 30(4): 677- its primary application research[J]. Chinese Journal of
685. Rock Mechanics and Engineering, 2021, 40(7): 1337-

[10] H[FEEE, kLR, HEH, % CNL K& CNS M R4t 1349.

MBI VIR RIS T 5[], B A 155 TSR, 2019, [19] CHEN J, ZHOU H, ZENG Z, et al. Macro- and
38(H T 2): 3384-3392. microstructural characteristics of the tension—shear and
CUI Guo-jian, ZHANG Chuan-qing, HAN Hua-chao, et al. compression—shear fracture of granite[J]. Rock Mechanics
Experiment study on shear behavior of artificial joint and Rock Engineering, 2020, 53: 201-209.

under CNL and CNS boundary conditions[J]. Chinese [20] EA ¥, 8%, B, % ZUEE AW
Journal of Rock Mechanics and Engineering, 2019, WA R KRG SN ] AR 15 TSR,
38(Suppl.2): 3384-3392. 2018, 37(10): 2219-2231.

[11] AHOLA M P, HSIUNG S M, KANA D D. Experimental XIA Cai-chu, QIAN Xin, GUI Yang, et al. A novel
study on dynamic behavior of rock joints[J]. Developments multi-functional shear-flow coupled test system for rock
in Geotechnical Engineering, 1996, 79: 467-494. joints and its application[J]. Chinese Journal of Rock

[12] JOHNSTONIW, LAM T S K, WILIAMS A F. Constant Mechanics and Engineering, 2018, 37(10): 2219-2231.
normal stiffness direct shear testing for socketed pile design [21] YAO W, WANG C, XTA K, et al. An experimental system
in weak rock[J]. Geotechnique, 1987, 37(1): 83-89. to evaluate impact shear failure of rock discontinuities[J].

[13] INDRARATNA B, HAQUE A, AZIZ N. Laboratory Review of Scientific Instruments, 2021, 92: 034501.
modelling of shear behaviour of soft joints under constant [22] CRAWFORD A M, CURRAN J H. The influence of shear
normal stiffness conditions[J]. Geotechnical and Geological velocity on the frictional resistance of rock discontinuities[J].
Engineering, 1998, 16: 17-44. International Journal of Rock Mechanics and Mining

[14] JIANGY, XIAO J, TANABASHLI Y, et al. Development of Sciences & Geomechanics Abstracts, 1981, 18(6): 505-
an automated servo-controlled direct shear apparatus 515.
applying a constant normal stiffness condition[J]. [23] HANS J, BOULON M. A new device for investigating



Ed

6 31

REEESE: BB 2 Dhab s A £ H T 8 D) ae s BRI A 5 R WF T

1737

(25]

(27]

the hydro-mechanical properties of rock joints[J].
International Journal for Numerical & Analytical
Methods in Geomechanics, 2003, 27(6): 513-548.
KONIETZKY H, FRUHWIRT T, LUGE H. A new large
dynamic rockmechanical direct shear box device[J]. Rock
Mechanics and Rock Engineering, 2012, 45(3): 427-432.
FRELH, XJI5im, THEE. RS R PP AN g B
SIHT[I]. HhERYIER AR, 2014, 57(3): 867-876.

GUO Ling-li, LIU Li-giang, MA Jin. The magnitude
estimation in stick-slip experiments and analysis of stress
drop[J]. Chinese Journal of Geophysics, 2014, 57(3):
867-876.

QI S, ZHENG B, WU F, et al. A new dynamic direct shear
testing device on rock joints[J]. Rock Mechanics and

Rock Engineering, 2020, 53(10): 4787-4798.
DANG W, KONIETZKY H, FRUHWIRT T. Direct shear

(28]

[29]

[30]

behavior of a plane joint under dynamic normal load (DNL)
conditions[J]. Engineering Geology, 2016, 213: 133-141.

KA. SRR e & L o R 7E[D]. b

H JERCEGE R, 2018.

ZHANG Ming-bo. Research on pendulum impact test
platform and its impact response[D]. Beijing: Beijing
Jiaotong University, 2018.

KARNER S L, MARONE C. Effects of loading rate and

normal stress on stress drop and stick-slip recurrence

interval[J]. Geocomplexity and the Physics of Earthquakes,

2000, 120(40): 25226-25233.

MENG F Z, WONG L N Y, ZHOU H, et al. Shear rate

effects 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.

(33 1704 170

CETF1%) 2021 FF5 9 Hidk ELIGR R Q758, WFRE 100%) (2)

WA

19

20

21

22

23

24

25

26

27

W LA S KPR AR A b Tt T2 Hiok & B 7t

- TREACUS L B U (K w] 51 X 7 BB AR R T3

TR o B b - UTHI S A A BLRIIE
s 52 2 %o 56 R 7K e Ak R 2 M AT 7

e I T RER B X N S5 R T B A
HEAT PR B IR B e SR 7T 5

T S B SE R 2 (0 R AR R BPP A 7L

BTG5 KT 25 OB R A1 S A B B3 FT S A

BEMTA WTZ F bR IR = RS R B
JEOR 3 =k K B R T

1E& TR
FohF, MBI, THEE 2518—2524
MR, R 2525—2534
B, W, #MDG, & 2535—2544
x| W, ®OE, FOJE, 0 2545—2555
TRERNE, VL AL WRZEA, & 2556—2568
&, Amge, x4, % 2569—2577
o, B, RRE 2578—2588
VoK, WRBHIR, EE, % 2589—2599
BRIEZS, B W, EEL 2 2600—2610
RN, WARP], X 54, % 2611—2622






