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Abstract: The diffusion behavior of shear instability control under dynamic load is the inducement for the development of
local large deformation and the deterioration of macroscopic mechanical properties of rock. Firstly, the energy function of the
unstable interface was established; and then based on the generalized variational principle, the interface disturbance analysis
was carried out, while the first and second-order variances of the function were taken into consideration. Thus the governing
equation of dynamic instability of the interface under shear load was established. Based on the discriminant equation, the
influence of shear force and dynamic effect on the angle of the unstable interface is obtained. The results show that the angle of
the shear deformation zone increases to a certain extent with the increase of external shear force. With the increase of the local
dynamic coefficient, that is, the increase of the local inertial force, the shear band angle decreases obviously. By solving the

diffusion equation with the edge displacement, the analytical expression of displacement was obtained, showing that the
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displacement increases gradually with the increase of loading time. To verify the reliability of the theoretical model and further
study the deformation behavior of interface instability and its influence on wave propagation, the evolution of the fine and
microscopic morphology of the contact surface during dynamic shear was described by combining with the SHPB rod-beam
experiment technique, and an evaluation method for the influence of the evolution of surface contact parameters on mechanical
parameters during interface instability was proposed. The numerical analysis model was established, and its result shows that
interface instability is the leading condition of local shear failure slip. With the increase of interface thickness and shear force,
the local displacement increases. The interfacial shear diffusion behavior greatly reduces the amplitude and changes the
frequency of the transmitted wave. This study provides a good theoretical reference for the study of localization deformation
and dynamic strength of rocks.

Keywords: rock interface; finite deformation; shear localization; inertia effect; dynamic instability
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Fig. 4 Local instability deformation diffusion process

3.2 YN

Pl 5(a) JIT 7 o 2% R 2 i 114 (50 B e Al It 2 B 107 g 3 R A2 A R L o A2 BT N2 A4 161 1A, Bl 59 1)
JOL T3 B3R, B YIS AT B A R AR AN R, 55 BT YT AR RR X IS B 5 A 08 Y D37 G A 30T 5 LR e R SRy BB Ao
o Bt BT D) IS 7 3G R IR o 1] 5(b) JIr 7 AR % A 57 1 114 foe KA A% AT 80 Jm i 181, P rp s bl 4
DRI TS (AR (LSRR o e n] WL: 55 BT D) R ASNS BLAY 5 A A g Uo7 PE B4 00T 5 B i R AR (o RS 484 i
B2 B S 1L SO g B R ORI O X R W A A A2 B LI i R, AR AR R AR
R ) ity L 7 R B RDRHB IR, ) A0 7= A 2 A1 PR L) Je S 1 B DD e 2

0.03 0.016 o' —#—0.001 —¥—0.004
—@-0.002 0.005
—A—0.003
/ 002 o 0.012f
// E
3

£
£ 0.008 /\
=

0.004 | \

X,/ mm X,/mm

(a) Interface instability topography (b) Projection of interface instability topography

5 FHASTE ST N A AL

Fig. 5 Variation of interface instability morphology with shear stress

081422-9



5 44 45 Mk, 5. HOSmmEhiA sy 8T %8

33 FEEEMEN

&1 6(a) k2K e 2% 1T A% bifi 55 1f 2 2 A2 A A A OO0, AT JEE B 4 )i R 0.3, 0.5 1.0 mm, BUAT, 4
0*=0.002, BEE SRR HE R, RIARVEC RS R, S 1 IS ST R R X AR I s ), T = SCRY A
XFABTE A 5372

umax
&ph = T (43)

SR A% R AR il 5 T PR JRE AR A B 5 R AN K] 6(b) Pz, B St THT VSR JRE A9 384 K, ml AR IX sl o5
TS XA AR LA b, 5 100 4 T 8 AP 8, D 5 1 52, SR AR A% K

0.04
0.024 -
—0.03
0.016 -
12 ¢ =]
£ H0.02
08} 10 =
g | 0.008 -
\i o o5 1001
04} V g
XN
03 =
f 0 1 Il L 0
0 5 10 15 0.25 0.50 0.75 1.00
X,/mm Thickness/mm
(a) The appearance of interface instability varies with thickness (b) Interface displacement and strain changing with thickness

K6 Bl AR SR AT S

Fig. 6 Interface instability morphology with thickness variation

4 SRR EIVERRBES T

41 BIRTREMHESH

] ABAQUS #PF 2 AN 7 B /i B RUZ S5 BB BEAT A7 BROCESIT 3. BB RSE O 12.5 mmx
40 mmx 100 mm . FERY s 7 A BT AF AR — AN R FE BN B SRR, H R AR TR R 58 Ak
45, At N o8 e LA IR A, ZESRTE AN A7, RS O T R B AL AS o ShAS AT 7E ABAQUS Hft K
67 S5 1 68 P 3% (tabular) S0, A01ET 7 BT 7, b 2 107 g v DX Ssita I 18 (659 8 4 1, AR HBLS £ 52 SR id 7
TR BTUIME I ) o A BRITIH S RS S B R HT C3D8R, [F] B X6 32 Ry 3 5 1358 43 1 AR £ 47 8 . |
L HSCAEL S0 Ar Jma ¥ 5 02 g Ao B i R RS AR A

SEVRFNFUHZ A9 RHRES B0 R 32 B T o A 1O B R BUA A U RE AT SHPB AR AR i i 14 512

T

7 ARRITHH AR
Fig. 7 FEM model

081422-10



5 44 45 Mk, 5. HOSmmEhiA sy 8T %8

LR . 1A 8(a) B o il BT e A R THDHLRE 2 B0 A AR LR, 18] 8(b) FT/n N A o BE R N 7 5 3%
THTAEL RS 28 KO0 FE LY S 2R o el Jm oA 3 10T A RLRS 28 50A — 5 R 2 9 T sy, ool J RELRES 382 1 ) v A A
0.2~0.4 mm AYFEAR, 35 Wt — 5 e B 14 ) S BE R O M AR o by 2 T ) REL S 28 250 ) 728 10 R 8 A B 4 5
THT DX A P E A 3T Ik R K2 0.2~ 0.4, S g S R e, A BROCTH I S Bk B R - SRR O
2600 kg/m®, FAPERLE 30 GPa, JAKA HL oA 0.23; ST DX $ HEHE AR A L 1R BEAT 3080, Frisi R Bk 0.1,
0.2.0.3.04F10.5.

B Before impact
10+ @ After impact

_!/////g////////////

Roughness
Contrast change

0 1 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9
Slip plane angle/(°) Mean stress/MPa
(a) Change in roughness before and after impact (b) Change in contrast before and after impact

K8 R T S shEEfE R RE

Fig. 8 Interface dynamic friction properties at different angles

42 BRTIHELER
9 B A e 85 U] f1 oA 20 MPa, $1is &

Von Mises stress/MPa

R 0.1 PR IE S . TR AR YA 3262
52 B SR BT I, o JR TR 55 AL A7 AR Y 272.7

W 7 A R AT A5 W B R K, e fpe
R SRS 2 R LT Ab 7 A W RS K 122

AEI o, F BB T RIS, ENE T | 319
WHS I A B . 76 FRASTE 10 41, RSN 32

AR — 2P, B2 AR AR T A
o JRTRNE )i R BUA ARRL Y S, SRR
PRI Se 3 B

4.3 AESHHIE B9 A FRICH L R
X /N RUBE g 5 1 )2, o L LR Y Fig. 9 Result of FEM

SRR o RMERY, 2L TR B b S o X
(interfacial transition zone, ITZ), K4 Z AR A THTI, It A BRIC R 2 IR EA 2, 4K,
B K IR B AR K, X v (R 55 S 161 19 1 2 MR BE S 80— R BE I TTAl, (E RIS FLE il 2 5504
SROEAPRER . T DRI T AT AR LIS O i AR B AR AR B, TR S EO6 B I R Y SR RS, S
e, RIRITI R %L 0.1, 0.2, 0.3, 0.4 F1 0.5 L5 T HMZSH. K 10 s Hi KA (u,,,) SR
B LR, BB AR A S B 0.3 mm, JREBET Y 1k 20 MPa,

EL 10 BT LA, ST 2 8O A T A5 RS K, P, ZEBUE T N R RS 1 B TR S
e, MR MSEE BRSH0E R RN A G 5 R 8, 22 5 8K, 78R8 52 20T 25 5 T 1
REHEN, MR EAIBIES . T IO IR IR, LUF 28 h i3 sl = 5080 0.1,

081422-11



R MRz, . S0 REmsha Yy AT

4 8 10

0.06

0.05

0.03

w/mm 0.0194  0.030 77

w/mm 0.0212  0.026 47

0.0393 0.053 5

0.030 39 0.036 9

C
0.02 & L L L L
0.1 0.2 0.3 0.4 0.5
Reduction factor
w/mm 0.021 56  0.024 34 0.027 12 0.0299
(a) Change of displacement with reduction factor (b) Displacement morphology

B 10 S SE
Fig. 10 Effect of interface parameters

4.4 BIYIFIR9E N0

FE 11 R A SR A 0.3 mm, &85 Y] 7143504 10, 20, 30 MPa 5 T AYA FRICIHHE 255 . & 11
ZE L, YR 52 B SNk a7 NE, SRR R 58 0 B AR 4y AR TE, RPN A IR 5 ; e 5 N ) 1
K, e ARk, JE R AR N B 2 Jin 2% BsF 18] 9 E K, SRy AR T 28 i h /NS T ) KAR T 3% A5, S BURFEK

W KA AL 7 A= 3 8%, AT A 45 05 IR

o - -
Von Mises S, . S B 2000 e
stresssMPa  8.347 14.51 20.21 22.29 14.69 22.88 31.07 39.26

o -

VonMiscs  pummmme = oo
stresssMPa  12.07 19.47 25.01 34.26 15.37 85.18 155.0 224.8
o -
VonMises e oo
stresssMPa ~ 8.347 14.51 20.21 25.08 16.19 137.9 259.7 381.5

(a) =10 MPa (b) 7=20 MPa

Bl SR sl i s
Fig. 11  Effect of local shear force

081422-12

21.29 3443 47.57

33.61 2935 5533

60.70

813.1

15.80 264.6 513.4
(c) 7=30 MPa

762.2



i 44 3

Mk, 5. HOSmmEhiA sy 8T

o 8 4]

45 FEEERFME

& 12 7 R854 J1 20 MPa, FL T JEEE 43900 0.3, 0.5, 1 mm 550 F ARG AL 5. MK 12 0]

AFE Y, Bt 2R A SR A0 A0 5, Jas ¥ 0 T 7™ A ) i o 0 2 A A0 T = ) A

BRI
0.6 0.8
—— Displacement
—@— Strain
40.6
04
g "
= 10.4 j
5 A B
02
40.2
0 1 1 1 0
0.3 0.6 0.9
Thickness/mm

(a) Displacement and strain vary with thickness

P12 F IS X RS R AR RS

Fig. 12 Influences of interface thickness on displacement and strain

P ik —

A R, W AR A

(b) Displacement morphologies

A1 SHPB AP I ) oy T A0 BN K 234, A A 0 SIS 2% Ak B i 8 P AR AN —, TR 2R
A R ST ™ A A — Ak, TR S 22 Ak B A, U PR BT 19 A A n] BB 22 ML ) IR A IR
(HT A 7 SRR T RO IR ), AR 2 SRR BEBOR ) oA i e TR 18 BT DDA IR (03 SUAR e 22 B AR R B O

) [4s1
4.6 REBLIE LXK R HERI R

K13 2B o s S 5500 1k 20 MPa, FURIEEE 735020 0.3, 0.5, 1.0 mm Z0F T, St g b
SRR R A AR 4 5R  S SRR, JRril 0y U 7 ) R /INBE 25 S T )2 0 A2 20, 28 i A R At 2 BT

400 400 400
- a, - q, —_—a
QE‘E 200 - _—9 ,;2‘3 200 - —_ %‘f 200 - —_a
2 0 = 0 = 0
v 172 w2
& —200 & —200 & —200
—400 I I I I —400 I I I I —400 I I I I
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
Time/ms Time/ms Time/ms
£ . =% £° . =a] £% z =2
e "BEEL T Ty
i s 2
£ 208 £ 20 '\\" Z 20t
= g g
3 op N . . <0 e i <0 : e
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Frequency/kHz Frequency/kHz Frequency/kHz
(a) ~=0.3 mm (b) 7=0.5 mm (c) ~=1.0 mm
13 FLmZ B R s
Fig. 13 Stress transfer above and below the interface layer

081422-13



5 44 45 Mk, 5. HOSmmEhiA sy 8T % 8 1

FE, B U B G2 5 555 F TR JRE , AR X 2 DB RE AR . BT 13 TR B3 B s R R AR S iR R IR P AR
AT L I A A B A4 AR A, A AR SR 14 I L A A 1 ek B BT S AN S ) R AR T
B BIRMRAE T

A1 SHPB AT ARSI vy T8 A0 AN B 20, e Az 70 U 25 Ak TS BEAR AL A —, X Rl AR IE
23T MBI AR B BE Bl 22 ™ AR T U, 4 R WA R AR AR ™ A, U 2 T A i W 28447 O s (U Ef AL 21—
SE e BE ARSI, 25U g -1 A it 2k b N - e BB VER B, Bl 1V A8 O34 O, 1o 0 SE N T R B T
HEER G Wi R R i S S 7, SR B By DS A RERE A0 F a5 o R AL BT DAL A O U S, o Bl
MBS, OFFE R BB Jy b, al S A SR AL SR AR X e A SR B A T 28 | i e A e A
SR CRE 2 TR AL e

5 & i

FIHAT BRAZTE BAE, XA A7 S BEAT TR, L 125 A0 BORE St T 99 170 Jay i Ak 2 B 4 B S 23
P 5 3 ik S AR B, BB TR R A AT SR ST BT 1A A AR R AR R R, R B R
RS P AL oA A AR B s .

(1) ZETRERIE NS 704, B 1 1 a0 32 57 3 820 T Ja i Ak S A i 0501 AR iR AL 5 O 7

(2) B i s A E F a f b, BR8N 4 2 B e, A B R AR IR . ST VIR IR A A B R
A SN BT UIVE I 0 B3 T O, B JR R Sl ) 2 B 3 T ek )

(3) By VIR, Ry AL RO, S A B S S PR DR 5 R B DN SRy S R B, B B i S I
BN . B BT U1 BT AR R 1 2 S e R EL, [N o 8 1 g S e AR

S 30k

[1]  SCHOLZ CH. Wear and gouge formation in brittle faulting [J]. Geology, 1987, 15(6): 493-495. DOI: 10.1130/0091-7613(1987)
15<493:WAGFIB>2.0.CO;2.

[2]  SCHOLZ C H. Earthquakes and friction laws [J]. Nature, 1998, 391(6662): 37-42. DOI: 10.1038/34097.

[3] COWIE P A, SCHOLZ C H. Growth of faults by accumulation of seismic slip [J]. Journal of Geophysical Research: Solid
Earth, 1992, 97(B7): 11085-11095. DOI: 10.1029/92jb00586.

[4] BEELER N M, TULLIS T E, WEEKS J D. The roles of time and displacement in the evolution effect in rock friction [J].
Geophysical Research Letters, 1994, 21(18): 1987-1990. DOIL: 10.1029/94GL01599.

(51 TRAAAK, B 57, TS 6. JEPEAS A i N AR SR He 48 bl iR S o ke (3] IR A B, 2020, 11(3): 030101. DOI:
10.12061/j.issn.2095-6223.2020.030101.
XU S L, SHAN J F, WANG P F. Review and research progress of dynamic failure mechanism for brittle materials under high
strain rate [J]. Modern Applied Physics, 2020, 11(3): 030101. DOI: 10.12061/j.issn.2095-6223.2020.030101.

(6] BARTF, TRAAMK, TR, 55 A A0 1 BB B S A v 7 R SR R PR DS (3], S8 157, 2020, 35(1): 41-57. DOL:
10.7520/1001-4888-19-121.
SHANJ F, XU S L, ZHANG L, et al. Investigation on acoustic emission and heat production characteristics on joint surfaces
due to dynamic friction [J]. Journal of Experimental Mechanics, 2020, 35(1): 41-57. DOI: 10.7520/1001-4888-19-121.

(7] BRARAK, ESC, Xk 5%, &5, while T AL b o AT Sh A BE AR MR SE IR UE 5T (U], i JE A BR 244, 2011, 25(3): 207-212. DOL:
10.11858/gywlxb.2011.03.003.
XU S L, ZHENG W, LIU Y G, et al. Experimental investigation on interface dynamic friction of granite under combined
pressure and shear impact loading [J]. Chinese Journal of High Pressure Physics, 2011, 25(3): 207-212. DOI: 10.11858/gywlxb.
2011.03.003.

[8] DI TORO G, PENNACCHIONI G. Superheated friction-induced melts in zoned pseudotachylytes within the Adamello
tonalites (Italian Southern Alps) [J]. Journal of Structural Geology, 2004, 26(10): 1783-1801. DOI: 10.1016/j.jsg.2004.03.001.

[9]  RICE J R. Heating and weakening of faults during earthquake slip [J]. Journal of Geophysical Research: Solid Earth, 2006,

081422-14


https://doi.org/10.1130/0091-7613(1987)15<493:WAGFIB>2.0.CO;2
https://doi.org/10.1038/34097
https://doi.org/10.1029/92jb00586
https://doi.org/10.1029/92jb00586
https://doi.org/10.1029/94GL01599
https://doi.org/10.12061/j.issn.2095-6223.2020.030101
https://doi.org/10.12061/j.issn.2095-6223.2020.030101
https://doi.org/10.7520/1001-4888-19-121
https://doi.org/10.7520/1001-4888-19-121
https://doi.org/10.11858/gywlxb.2011.03.003
https://doi.org/10.11858/gywlxb.2011.03.003
https://doi.org/10.1016/j.jsg.2004.03.001
https://doi.org/10.1029/2005JB004006

5 44 45 Mk, 5. HOSmmEhiA sy 8T % 8 1

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

(28]

[29]

111(B5): 311-340. DOI: 10.1029/2005JB004006.

TR, IRPAAR, AR, BT R R Ge A S K PR K T LI A4 R 5 SRR (D). SE5% 712, 2016, 31(2): 175-185. DOL:
10.7520/1001-4888-15-220.

ZHANG L, XU S L, SHI C Y. On the dynamic compression-shear characteristics of cement mortar joint surface based on a
bunched bar system [J]. Journal of Experimental Mechanics, 2016, 31(2): 175-185. DOI: 10.7520/1001-4888-15-220.

KA, LSO, B, SF. AL A LR R T S BRI AR WAL (). = TR IR AE I, 2021, 35(3): 031201. DOL: 10.11858/
gywlxb.20200640.

ZHANG L, WANG W S, MIAO C H, et al. Rough surface morphology of granite subjected to dynamic friction [J]. Chinese
Journal of High Pressure Physics, 2021, 35(3): 031201. DOI: 10.11858/gywlxb.20200640.

ZHOU L J, XU S L, SHAN J F, et al. Heterogeneity in deformation of granite under dynamic combined compression/shear
loading [J]. Mechanics of Materials, 2018, 123: 1-18. DOI: 10.1016/j.mechmat.2018.04.013.

OKADA M, LIOU N S, PRAKASH V, et al. Tribology of high-speed metal-on-metal sliding at near-melt and fully-melt
interfacial temperatures [J]. Wear, 2001, 249(8): 672—686. DOI: 10.1016/S0043-1648(01)00698-6.

XU S, HUANG J, WANG P, et al. Investigation of rock material under combined compression and shear dynamic loading: an
experimental technique [J]. International Journal of Impact Engineering, 2015, 86(1): 206-222. DOI: 10.1016/j.ijjimpeng.2015.
07.014.

BEN-DAVID O, FINEBERG J. Static friction coefficient is not a material constant [J]. Physical Review Letters, 2011,
106(25): 254301. DOI: 10.1103/PhysRevLett.106.254301.

DI TORO G, HAN R, HIROSE T, et al. Fault lubrication during earthquakes [J]. Nature, 2011, 471(7339): 494-498. DOI:
10.1038/nature09838.

RUBINO V, ROSAKIS A J, LAPUSTA N. Understanding dynamic friction through spontaneously evolving laboratory
earthquakes [J]. Nature Communications, 2017, 8: 15991. DOI: 10.1038/ncomms15991.

PASSELEGUE F X, SCHUBNEL A, NIELSEN S, et al. From sub-Rayleigh to supershear ruptures during stick-slip
experiments on crustal rocks [J]. Science, 2013, 340(6137): 1208—1211. DOI: 10.1126/science.1235637.

RUBINSTEIN S M, COHEN G, FINEBERG J. Detachment fronts and the onset of dynamic friction [J]. Nature, 2004,
430(7003): 1005-1009. DOIL: 10.1038/nature02830.

RUBINSTEIN S M, COHEN G, FINEBERG J. Dynamics of precursors to frictional sliding [J]. Physical Review Letters,
2007, 98(22): 226103. DOI: 10.1103/PhysRevLett.98.226103.

GEOBEL T H W, SCHORLEMMER D, BECKER T W, et al. Acoustic emissions document stress changes over many seismic
cycles in stick-slip experiments [J]. Geophysical Research Letters, 2013, 40(10): 2049-2054. DOI: 10.1002/grl.50507.
JOHNSON P A, FERDOWSI B, KAPROTH B M, et al. Acoustic emission and microslip precursors to stick-slip failure in
sheared granular material [J]. Geophysical Research Letters, 2013, 40(21): 5627-5631. DOI: 10.1002/2013GL057848.
MENDES R S, MALACARNE L C, SANTOS R P B, et al. Earthquake-like patterns of acoustic emission in crumpled plastic
sheets [J]. Europhysics Letters, 2010, 92(2): 29001. DOI: 10.1209/0295-5075/92/29001.

HUANG J Y, XU S L, HU S S. Numerical investigations of the dynamic shear behavior of rough rock joints [J]. Rock
Mechanics and Rock Engineering, 2014, 47(5): 1727-1743. DOI: 10.1007/s00603-013-0502-8.

GAO K, GUYER R, ROUGIER E, et al. From stress chains to acoustic emission [J]. Physical Review Letters, 2019, 123(5):
048003. DOI: 10.1103/PhysRevLett.123.048003.

AR, 3T A LM RR A ARTE 425 04 [J]. A 120 5 TR 244, 2004, 23(20): 3430-3438. DOL: 10.3321/j.issn:
1000-6915.2004.20.007.

XU S L, WU W. Bifurcation analysis on deformation localization of geomaterial [J]. Chinese Journal of Rock Mechanics and
Engineering, 2004, 23(20): 3430-3438. DOI: 10.3321/j.issn:1000-6915.2004.20.007.

BB, AR A BT - R TR L 20 9, Dl (M. B AR TR A, 1988,

QIAN W C. New progress in nonlinear mechanics stability, bifurcation, catastrophe and chaos [M]. Wuhan: Huazhong
University of Technology Press, 1988.

OTTOSEN N S, RUNESSON K. Properties of discontinuous bifurcation solutions in elasto-plasticity [J]. International Journal
of Solids and Structures, 1991, 27(4): 401-421. DOI: 10.1016/0020-7683(91)90131-X.

FLECK N A, HUTCHINSON J W. A phenomenological theory for strain gradient effects in plasticity [J]. Journal of the

081422-15


https://doi.org/10.7520/1001-4888-15-220
https://doi.org/10.7520/1001-4888-15-220
https://doi.org/10.11858/gywlxb.20200640
https://doi.org/10.11858/gywlxb.20200640
https://doi.org/10.11858/gywlxb.20200640
https://doi.org/10.1016/j.mechmat.2018.04.013
https://doi.org/10.1016/S0043-1648(01)00698-6
https://doi.org/10.1016/j.ijimpeng.2015.07.014
https://doi.org/10.1103/PhysRevLett.106.254301
https://doi.org/10.1038/nature09838
https://doi.org/10.1038/ncomms15991
https://doi.org/10.1126/science.1235637
https://doi.org/10.1038/nature02830
https://doi.org/10.1103/PhysRevLett.98.226103
https://doi.org/10.1002/grl.50507
https://doi.org/10.1002/2013GL057848
https://doi.org/10.1209/0295-5075/92/29001
https://doi.org/10.1007/s00603-013-0502-8
https://doi.org/10.1007/s00603-013-0502-8
https://doi.org/10.1103/PhysRevLett.123.048003
https://doi.org/10.3321/j.issn:1000-6915.2004.20.007
https://doi.org/10.3321/j.issn:1000-6915.2004.20.007
https://doi.org/10.3321/j.issn:1000-6915.2004.20.007
https://doi.org/10.1016/0020-7683(91)90131-X
https://doi.org/10.1016/0020-7683(91)90131-X
https://doi.org/10.1016/0022-5096(93)90072-N

5 44 45 Mk, 5. HOSmmEhiA sy 8T % 8 1

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Mechanics and Physics of Solids, 1993, 41(12): 1825-1857. DOI: 10.1016/0022-5096(93)90072-N.

HILL R, HUTCHINSON J W. Bifurcation phenomena in the plane tension test [J]. Journal of the Mechanics and Physics of
Solids, 1975, 23(4/5): 239-264. DOIL: 10.1016/0022-5096(75)90027-7.

RUDNICKI J W, RICE J R. Conditions for the localization of deformation in pressure-sensitive dilatant materials [J]. Journal
of the Mechanics and Physics of Solids, 1975, 23(6): 371-394. DOI: 10.1016/0022-5096(75)90001-0.

YOUNG N J B. Bifurcation phenomena in the plane compression test [J]. Journal of the Mechanics and Physics of Solids,
1976, 24(1): 77-91. DOI: 10.1016/0022-5096(76)90019-3.

CHAU K T. Non-normality and bifurcation in a compressible pressure-sensitive circular cylinder under axisymmetric tesion
and compression [J]. International Journal of Solids and Structures, 1992, 29(7): 801-824. DOI: 10.1016/0020-7683(92)
90017-N.

AR, 5230, ZR3E, 45, =Rl R4 K PUE R b A T iR o8 S e 2547 0 [0]. A D RE2E4R, 2001, 23(3): 296-301.
DOI: 10.3321/j.issn:1000-4548.2001.03.008.

XU S L, WU W, LI T, et al. Experimental studies on localization and bifurcation behaviors of a marble under triaxial
compression [J]. Chinese Journal of Geotechnical Engineering, 2001, 23(3): 296-301. DOI: 10.3321/j.issn:1000-4548.2001.
03.008.

TR, RO, kAR, S BB AT T RBLE R EIERTST (1], & 4 1% 5 TR %4, 2002, 21(6): 766-771. DOIL:
10.3321/.issn:1000-6915.2002.06.002.

XU S L, WU W, ZHANG H, et al. Testing study on localization of marble under direct shear [J]. Chinese Journal of Rock
Mechanics and Engineering, 2002, 21(6): 766—771. DOI: 10.3321/j.issn:1000-6915.2002.06.002.

AR, R, Tk AE, 5. RBLAEA RAETE /385 40 [0]. & L TRE2A4R, 2002, 24(1): 42-46. DOIL: 10.3321/j.issn:1000-
4548.2002.01.009.

XU S L, WU W, ZHANG Q H, et al. Bifurcation analyses of finite/large deformation for a marble [J]. Chinese Journal of
Geotechnical Engineering, 2002, 24(1): 42-46. DOI: 10.3321/j.issn:1000-4548.2002.01.009.

IKEDA K, MUROTA K. Imperfect bifurcation in structures and materials [M]. 3rd ed. Cham: Springer, 2019: 201-291. DOI:
10.1007/978-3-030-21473-9.

IKEDA K, MURAKAMI S, SAIKI I, et al. Image simulation of uniform materials subjected to recursive bifurcation [J].
International Journal of Engineering Science, 2001, 39(17): 1963—1999. DOI: 10.1016/s0020-7225(01)00038-6.

LEE D, TRIANTAFYLLIDIS N, BARBER J R, et al. Surface instability of an elastic half space with material properties
varying with depth [J]. Journal of the Mechanics and Physics of Solids, 2008, 56(3): 858-868. DOI: 10.1016/j.jmps.2007.
06.010.

ZEEIER, HRGH M. 3BV N SIS A 2 (M. Juae: Bzt i, 1993: 165-282.

LI G C, JENNA M. Plastic large strain microstructure mechanics [M]. Beijing: Science Press, 1993: 165-282.

MILES J P, NUWAYHID U A. Bifurcation in compressible elastic/plastic cylinders under uniaxial tension [J]. Applied
Scientific Research, 1985, 42(1): 33—54. DOI: 10.1007/BF00382529.

CHAU K T. Antisymmetric bifurcations in a compressible pressure-sensitive circular cylinder under axisymmetric tension and
compression [J]. Journal of Applied Mechanics, 1993, 60(2): 282—-289. DOI: 10.1115/1.2900791.

KIM S M, AL-RUB R K A. Meso-scale computational modeling of the plastic-damage response of cementitious
composites [J]. Cement and Concrete Research, 2011, 41(3): 339-358. DOI: 10.1016/j.cemconres.2010.12.002.

WREE, BN, BARTY, & bl TIREE 1 IR R AR SRR R AR BRI [, KRS whili, 2022, 42(1): 013101, DOL:
10.11883/bzycj-2021-0114.

YUAN L Z, MIAO C H, SHAN J F, et al. On strain-rate and inertia effects of concrete samples under impact [J]. Explosion
and Shock Waves, 2022, 42(1): 013101. DOI: 10.11883/bzycj-2021-0114.

CHEN M D, XU S L, YUAN L Z, et al. Influence of stress state on dynamic behaviors of concrete under true triaxial
confinements [J]. International Journal of Mechanical Sciences, 2023, 253: 108399. DOI: 10.1016/j.ijmecsci.2023.108399.

LG ¥ AR)

081422-16


https://doi.org/10.1016/0022-5096(93)90072-N
https://doi.org/10.1016/0022-5096(75)90027-7
https://doi.org/10.1016/0022-5096(75)90027-7
https://doi.org/10.1016/0022-5096(75)90001-0
https://doi.org/10.1016/0022-5096(75)90001-0
https://doi.org/10.1016/0022-5096(76)90019-3
https://doi.org/10.1016/0020-7683(92)90017-N
https://doi.org/10.3321/j.issn:1000-4548.2001.03.008
https://doi.org/10.3321/j.issn:1000-4548.2001.03.008
https://doi.org/10.3321/j.issn:1000-6915.2002.06.002
https://doi.org/10.3321/j.issn:1000-6915.2002.06.002
https://doi.org/10.3321/j.issn:1000-6915.2002.06.002
https://doi.org/10.3321/j.issn:1000-4548.2002.01.009
https://doi.org/10.3321/j.issn:1000-4548.2002.01.009
https://doi.org/10.3321/j.issn:1000-4548.2002.01.009
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1007/978-3-030-21473-9
https://doi.org/10.1016/s0020-7225(01)00038-6
https://doi.org/10.1016/j.jmps.2007.06.010
https://doi.org/10.1007/BF00382529
https://doi.org/10.1007/BF00382529
https://doi.org/10.1115/1.2900791
https://doi.org/10.1016/j.cemconres.2010.12.002
https://doi.org/10.11883/bzycj-2021-0114
https://doi.org/10.11883/bzycj-2021-0114
https://doi.org/10.11883/bzycj-2021-0114
https://doi.org/10.1016/j.ijmecsci.2023.108399

	1 岩石动态剪切失稳理论分析
	1.1 基于有限变形的动态剪切失稳控制方程
	1.2 动态剪切局部化失稳的扩散分析

	2 岩石动态剪切失稳求解
	2.1 基于剪切变形带的求解
	2.2 控制方程的近似求解

	3 岩石动态剪切失稳变形的扩散分析
	3.1 失稳变形的扩散分析
	3.2 剪切力的影响
	3.3 界面厚度的影响

	4 岩石界面剪切失稳数值分析
	4.1 有限元模型和材料参数
	4.2 有限元计算结果
	4.3 界面参数的影响
	4.4 剪切力的影响
	4.5 界面厚度的影响
	4.6 局部化变形对波传播的影响

	5 结　论
	参考文献

