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Experimental and numerical study on mechanical behaviors of granite subjected
to impact shear force

YUAN Wei!, LI Jian-chun®2, LI Xing!
(1. School of Civil Engineering, Southeast University, Nanjing, Jiangsu 211189, China;
2. Institute of Future Underground Space, Southeast University, Nanjing, Jiangsu 211189, China)

Abstract: To investigate the mechanical properties of rocks under dynamic shear load, experiments were conducted on cubic granite
specimens under different normal stresses and impact velocities using the impact-induced direct shear method. The dynamic shear
deformation evolution process of granite was analyzed, and the effects of normal stress and impact velocity on shear deformation and
failure patterns of granite were discussed. Subsequently, the impact-induced direct shear experiments of granite were simulated using
particle flow code. The evolution mechanism of shear deformation and damage was further explored from a microscopic perspective.
The results show that the normal stress varies continuously during the shear deformation of the specimen, and the normal stress
corresponding to the peak shear stress can reach several times the initial value. Two types of shear stress-shear displacement curves,
rebound-type and fracture-type, were obtained. With an increase in initial normal stress, the peak shear stress increases while the peak
shear displacement and maximum shear displacement decrease; with an increase in impact velocity, both peak shear stress and
maximum shear displacement increase. Fractures in granite specimens contain a main fracture and multiple wing cracks. As normal
stress and impact velocity increase, the main fracture profile becomes flat from wavy, and the fracture surface becomes smooth from
rough, possibly due to frictional slip. The initiation fracture of granite specimens originates from the interior and then extends to the
boundary along the shear direction. The direction of fracture initiation is oblique to the shear direction, consistent with the inclination
of the contact force concentration zone. The experimental method used in this study provides a reference for testing dynamic shear
mechanical properties, and the findings can help reveal the mechanism of dynamic engineering disasters induced by shear fracture of
rocks.
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Fig.1 Photo of the cubic granite specimen
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Fig.3 Diagram showing data acquisition and processing
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Table 1 Particle properties of numerical granite specimen
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Table 2 Parameters of contact model installed in
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results
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1 9.6 75.8 76.5 0.9 0.377 0.460 18.1 0.541 0.656 17.6
4 9.6 90.1 83.1 8.5 0.243 0.225 8.0 0.317 0.317 0.1
12 9.6 93.0 91.3 1.9 0.227 0.150 50.7 0.251 0.218 14.8
12 10.8 116.9 106.9 9.4 0.264 0.177 49.6 0.314 0.269 16.8
12 13.4 120.1 117.5 2.2 0.234 0.222 5.4 1.109 0.631 75.8




1682 el

VAl ¥ 2024 4

04: HWYATE

100 . AB: ﬁﬁgﬁ% 1150 0.8
e BCL I i T 2% \
go | MEHOCHE . CR. AgpEG 120
- = BYIN A | 15-0.6
| R i =
< 1 .
& 60 90 5§ E
= | R, 8
R 2 L1045
> : = =
1;5; 40 i 60 5 =
| : 0.2
20 | 307"
|
0 Ot o Jo0.0
0 100 200 300 400
A A /us
(a) ono=1MPa, vy, =9.6m/s
04: BYEATY
150 B AB: Uggipig; 150 1S
— 1 BC: W R
. B CJa: BEERIER
120 | -- - BYIfFE < E 120mm— 12
[TECOPR g1
£ ol ¥ 1 o0& dos E
2 A 1 ’ & ’ @
R P ’ = =
£ ! = =
= 60F ! 1605406 =
i ,'I = =R
; P
30 - | 430 H03
> C
o 0 doo
0 100 200 300 400

I [A]/us
(b) 6no=12 MPa, vy, =13.4m/s

B 10 IR, BIPIAR SRS RS R

Fig.10 Simultaneous evolutions of dynamic shear stress,

shear displacement and micro crack

2
a0
i

TBE

14
B 5

PP B (04 BO: BN, M
gUeAe, BYRL RBY YIRS (3 e AR IR, IR
IS BN FE

WERTIRAR B (4B BO: A W46 H Bk
Ry, (RGN KEIFATER, HRILFTR 70
fH. EALINE], BUUIALRE I A2 M K

U ST 4B By (BC BD): ILF BRI SR J
BONVEER, B HiG KB A #E . BT
WL I, BT SR PR .

AT E] S B EE BRI R B B (C R D R R A S,
FAMATE A fe B RS ORI CLE
10(a)); @QPFEEIEH (ILE 10(b). XERTAEA
(TR FE R 2 R AL S T), WA RE R, BT
SR I (AR R, BRI RS R A AT Re Ttk oK
BT BN, TS K B dia T & .

XLEAT LRI, 2 0m0 =12 MPa, vim=13.4 m/s
W, 2 o Wi B B R i ) B A, RGUR R
NTEER: E A BRSBTS FRIKTE R, RS
U BRI RS BE B A . T B RS S BT
OePE, B, SRR N, HEEREERT 0. nL
e, IERJTEOR, HAMBUINRERIN, feE
RECE N RIZL

B, TRIC T AR AR N RSO
Kidzfh 7750 A0 S A A, w11 fos. Hdr,

BN

J 3.0x108
2.7x10°

5o 1 2.4x10°
2.1x10°
1.8x10°

J 1.5%10°
1.2x10°

| 9.0x10*
I60x104

3.0x10%

BNC — —— TR 'C;En" —
(a) Gio = 1 MPa, v, =9.6 m/s

o) ¢ ]

N
; : 3.0%10°
S 2.7x10°
T 2.4x10°
‘ 2.1x10°
1.8x10°
1.5%108
12x108
1 9.0x10°
| g 6.0x10°
: I3.ox104
- Roo

|-

B~C C A

(b) 6w = 12 MPa, vy = 13.4 m/s
11 M EBNI R A A A RGN A /7 4 A RFE

Fig.11 Distribution of micro crack and contact force in the specimen during impact-induced shear deformation process



ENR] woOfSE: AERE ph BT

17 R B IE J BB AR 50 1683

As B, C B 5E 10 BXRL, B~CARENT B AM
C HZlME—mz, NEIWRBSRERE, 2
LU MNAE A WA R TR, I AT R W
2. MBI ARE, EAEAWRZ AT, DRt
[k 774 R LR 525 s 6 B B BY D i — e E L Y
el F73OK, Tz B BT YN 1 X, B N
DRI, ZE0 o AE B DI T BT — @ X4k, 1z 25 5Y
DI X IR L. eah, WIEE 11, 2Ry
WSS EA —E M, S5 X p
—F. EREER A LA T M f v 0, B,
FEIX S8 X 3 — A & B BUE A R IR 7% LR
7)o

M 0w =1MPa, vim=9.6 m/s i, FHABKAER
LT 2L, (HTEWT 2L X Y ATIAFAE S o3 B )1 4R H X (AL
B 11a)), Bk, AAVEA—EMPiETaess (L
K 10(a)). XMow =12 MPa, vim=13.4m/s i}, &H
RAFEMWELE, WX N LA A 8
71 L 11(b)), Kk, HAKEPERN OLE
10(b)). SCHR[4)HI&E /AWK, BEAE BT UIE 1)1
Ko EMFIR AR B 50 1B o

5 44w

NIRFCE AW 1547 8, REAMEE
9757, PR Tk AR B, AW A
FE53 T 1 A6 K A b ol B V) AR T i AR FHRBAR A,
HH BRI Bt PEC?P HEAT 1 BUB AL, ZHW
FARERIT T H W s b R FE AL . 73 2 B
W

(1) M EBRM T, EA BN IER /7
BYYV TR SE INm AS Ak,  BY R 0B XS R IE R
FHECT WA IE N ST 0T IR A« )R 12 5. AH ]
B, phaisl RO, BRI ERK

(2) 13307 [ 3 B0 W 24 284 3 S BY R - B 1))
RRg gk, RIUEE PR A T, B RN )
(MG, VBB Jy B K, BIUIAR T gk 1HE 1
RLJIEAET, A o B IR, WA Y B 1
K, BIYIRTERER  AEROKIE R AL Nk 8 R
FUT, TER A BT H I

(3) iR A TR, AR BT
B 75 I R, 7R S R 0 R A R BT
L4HEML, BEEIEN TR G, T
AL AR AR AT B, R e RS AR 1
He Rk, ERKIEN A RMEEE T, 16558
R WIPTEIRE ST AN

(O A b B U AR TS AR 2 s AR T

WERT IR S WA EE R R (AT Rl 4
BB IR IR BORBUK ROV ER, W ERGE
ST uRE IR, IRTTDIT BN R, A
TR . d 8l /S o A £ BY DT bR
—EVEHIN, R, WRIEA —E%E. R
AP ARd IR, Wi R A, B
BB K.

Z % X W

[1] HE M C, CHENG T, QIAO Y F, et al. A review of
rockburst: experiments, theories, and simulations[J]. Journal
of Rock Mechanics and Geotechnical Engineering,
2023, 15(5): 1312-1353.

2] JAHE, BRIE, SRR, 5 s A2 viR il &
GEHI[T]. ‘B 1%, 2018, 39(3): 1115-1122, 1136.
ZHOU Hui, CHEN Jun, LU Jing-jing, et al. Development
of a multi-functional shear test system for rock[J]. Rock
and Soil Mechanics, 2018, 39(3): 1115-1122, 1136.

31 EWI, K&, X475, & JF50E HAL KA BT

BT B R R AR AT (0], A D05, 2022,
43(6): 1533-1545.
WANG Gang, SONG Lei-bo, LIU Xi-qi, et al. Shear
fracture mechanical properties and acoustic emission
characteristics of discontinuous jointed granite[J]. Rock
and Soil Mechanics, 2022, 43(6): 1533-1545.

[4] LUO G M, QI S W, ZHENG B W. Rate effect on the
direct shear behavior of granite rock bridges at low to
subseismic shear rates[J]. Journal of Geophysical Research:
Solid Earth, 2022, 127(11): 024348.

[5] i, Geikte, £, ROPIBIVIAN B e ek

EAW T[], A RS TR, 2007, 26(9):
1832-1839.
XIE Hai-feng, RAO Qiu-hua, WANG Zhi. Fracture
morphology analysis of brittle rock under anti-plane shear
(mode III) loading[J]. Chinese Journal of Rock Mechanics
and Engineering, 2007, 26(9): 1832-1839.

[6] GONG F Q, LUO S, LIN G, et al. Evaluation of shear
strength parameters of rocks by preset angle shear, direct
shear and triaxial compression tests[J]. Rock Mechanics
and Rock Engineering, 2020, 53: 2505-2519.

(71 Ed&, K& Wb, & SR E AU IUE R
VI 3 5 1 e 82 A8 i AT FE (0], 2 £ 0%, 2023,
44(9): 2579-2592.

WANG Lei, ZHANG Rui, YANG Dong, et al. Study on

mechanical properties and strain field evolution of



1684 A +

71

e 2024 4F

(8]

[10]

(1]

[12]

[13]

organic-rich shale with variable angle shear at rea-time
high-temperature[J]. Rock and Soil Mechanics, 2023,
44(9): 2579-2592.

JUNG Y, PARK E, KIM H. Determination of mode II
toughness of granite by using SCC test[C]//Proceedings of
the ISRM International Symposium-EUROCK 2016.
Oxford: Taylor & Francis Group, 2016.

XU Y, YAO W, ZHAO G. Evaluation of the short core in
compression (SCC) method for measuring mode II
fracture toughness of rocks[J]. Engineering Fracture
Mechanics, 2020, 224: 106747.

WATKINS J. Fracture toughness test for soil-cement
samples in mode II[J]. International Journal of Fracture,
1983, 23: 135-138.

BACKERS T, STEPHANSSON O, RYBACKI E. Rock
fracture toughness testing in mode II—punch-through
shear test[J]. International Journal of Rock Mechanics
and Mining Sciences, 2002, 39: 755-769.

BACKERS T, STEPHANSSON O. ISRM suggested
method for the determination of mode II fracture
toughness[J]. Rock Mechanics and Rock Engineering,
2012, 45(6): 1011-1022.

HUANG S, FENG X T, XIA K. A dynamic punch method
to quantify the dynamic shear strength of brittle solids[J].
The Review of Scientific Instruments, 2011, 82:
053901.

FORQUIN P, SALLIER L. A testing technique to
characterise the shear behaviour of concrete at high
strain-rates[J]. Dynamic Behavior of Materials, 2013, 1:
531-536.

LUKIC B, FORQUIN P. Experimental characterization of
the punch through shear strength of an ultra-high performance
concrete[J]. International Journal of Impact Engineering,
2016, 91: 34-45.

YAO W, XU Y, YU C, et al. A dynamic punch-through
shear method for determining dynamic mode II fracture
toughness of rocks[J]. Engineering Fracture Mechanics,
2017, 176: 161-177.

XU Y, DAI F. Dynamic response and failure mechanism
of brittle rocks under combined compression-shear loading
experiments[J]. Rock Mechanics and Rock Engineering,
2017, 51: 747-764.

LIJC, YUAN W, LI H B, et al. Study on dynamic shear

deformation behaviors and test methodology of sawtooth-

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

shaped rock joints under impact load[J]. International
Journal of Rock Mechanics and Mining Sciences, 2022,
158:105210.

YUAN W, L1J C, ZHENG Y L, et al. Experimental study
on shear characteristics of a rock joint subjected to
dynamic shear load[J]. Rock Mechanics and Rock
Engineering, 2023, 57(4): 2483-2500.

K. ¥ e AT IRGVE S ILAE AR BRY Rt 1
L ABEED). b E#ESSE A, 2015,

ZHENG An-xing. Research on extend finite element
method and its application in simulation of fracture
propagation of rock mass[D]. Shanghai: Shanghai Jiao
Tong University, 2015.

ZHANG K, CHEN Y, FAN W, et al. Influence of
intermittent artificial crack density on shear fracturing and
fractal behavior of rock bridges: experimental and numerical
studies[J].
2019, 53: 553-568.

RIERK, HZE, 3L, . BEER T ALk gy
HEA MRS 5 BUER U], EARRF S TR,
2014, 36(1): 59-67.

ZHAO Yan-lin, PENG Qing-yang, WAN Wen, et al.

Rock Mechanics and Rock Engineering,

Experimental and numerical analysis on rupture of rock
bridge with non-coplanar intermittent joints under direct
shear[J]. Journal of Civil, Architectural & Environmental
Engineering, 2014, 36(1): 59-67.

CHO N, MARTIN C D, SEGO D C. Development of a
shear zone in brittle rock subjected to direct shear[J].
International Journal of Rock Mechanics and Mining
Sciences, 2008, 45: 1335-1346.

GHAZVINIAN A, SARFARAZI V, SCHUBERT W, et al.
A study of the failure mechanism of planar non-persistent
open joints using PFC2D[J]. Rock Mechanics and Rock
Engineering, 2012, 45: 677-693.

BEWICK R P, KAISER P K, BAWDEN W F, et al. DEM
simulation of direct shear: 1. rupture under constant
normal stress boundary conditions[J]. Rock Mechanics
and Rock Engineering, 2014, 47: 1647-1671.

BEWICK R P, KAISER P K, BAWDEN W F. DEM
simulation of direct shear: 2. grain boundary and mineral
grain strength component influence on shear rupture[J].
Rock Mechanics and Rock Engineering, 2014, 47: 1673-
1692.

YANG X X, QIAO W G. Numerical investigation of the

shear behavior of granite materials containing discontinuous



6 34 o HSE: AERE pi BT ST N IR IE S BB UL T

1685

[28]

[29]

joints by utilizing the flat-joint model[J]. Computers and
Geotechnics, 2018, 104: 69-80.

BU F, XUE L, ZHAI M, et al. Numerical investigation of
the scale effects of rock bridges[J]. Rock Mechanics and
Rock Engineering, 2022, 55: 5671-5685.

FAR, AR, BT R B R RAT N B S
LHHUHIRIFE]. a5 TR, 2021, 40(H T
2): 3241-3252.

YUAN Wei, LI Jian-chun. Study on the effects and its
mechanism of shear rate on friction of planar joints[J].
Chinese Journal of Rock Mechanics and Engineering,
2021, 40(Suppl.2): 3241-3252.

CAO R H, YAO R, LIN H, et al. Shear behaviour of 3D
nonpersistent jointed rock-like specimens: experiment and
numerical simulation[J]. Computers and Geotechnics,
2022, 148: 104858.

g, RGN, Ve R, 55 A AR b R
PERBURLIR 24T [J]. 5 A 7155 TRRER, 2013, 32(5):

B 1674 TH

(30]

(31]

(32]

[33]

EVANS T M, ZHANG N. Three-dimensional simulations

of plate anchor pullout in granular materials[J].
International Journal of Geomechanics, 2019, 19(4):
4019004.

KRGS, W, WRbede, 5. b rbyd i e i B e AR
FRAAF I, AR K2R (T 2ERR), 2021, 51(1): 24-
31, 38.

SONG Xiu-guang, YANG He, CHEN Xiao-yan, et al.
Ultimate uplift capacity of shallow vertical plate anchors
in sand[J]. Journal of Shandong University (Engineering
Science), 2021, 51(1): 24-31, 38.

FERE, g WK AR T[], AL
2%, 2011, 32(34 1) 2): 261-267.

WANG Guo-cui, YANG Min. Nonlinear analysis of laterally
loaded piles in sand[J]. Rock and Soil Mechanics, 2011,
32(Suppl.2): 261-267.

rRAE N BSLAN E AZ l is i 8. JTS 167—4—2012 #1

[33]

[34]

[35]

951-959.

ZHOU Yu, WU Shun-chuan, XU Xue-liang, et al. Particle
flow analysis of acoustic emission characteristics during
rock failure process[J]. Chinese Journal of Rock Mechanics
and Engineering, 2013, 32(5): 951-959.

HU W R, LIU K, POTYONDY D O, et al. 3D continuum-
discrete coupled modelling of triaxial Hopkinson bar tests
on rock under multiaxial static-dynamic loads[J]. International
Journal of Rock Mechanics and Mining Sciences, 2020,
134: 104448.

FROCHE, S0, HOKZE, & T HCTHOREAE R T
PR UL 51 Ao T B A S A 2 h 25 00 I o 2 ]
H4 S5, 2011, 32(10): 3196-3200.

GUO Wen-jing, MA Shao-peng, KANG Yong-jun, et al.
Virtual extensometer based on digital speckle correlation
method and its application to deformation field evolution
of rock specimen[J]. Rock and Soil Mechanics, 2011,
32(10): 3196-3200.

TREAEHRES]. bt NRAS\E AL, 2012,
Ministry of Transport of the People’s Republic of China.
JTS 167—4—2012 Code for pile foundation of harbor
engineering[S]. Beijing: China Communications Press, 2012.
A, AT, PhiEE, % B0 bR A AR PR PTIR A&
HWIL]. TR FUR SR (H 2R B2 RR), 2009,
25(1): 66-70.

WANG lJie, DU Qiu-nan, SUN Hai-feng, et al. Study on
the ultimate up-lift bearing capacity of screw anchor[J].
Journal of Shenyang Jianzhu University (Natural Science),
2009, 25(1): 66-70.

SR % MR i A2 R 17 r B AR DR (0 0 2 S
ARIHLERTFE[D]. TLFH: ALK, 2010.

ZHANG Ya-jun. Study of mechanics character and
load-bearing mechanism on screw pile foundation under
inclined loading[D]. Shenyang: Northeastern University,
2010.





