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Abstract: To investigate the influence of normal stress on the seepage and damage characteristics of sandstone
during dynamic constant-amplitude cyclic direct shear, red sandstone samples were subjected to dynamic
constant-amplitude cyclic direct shear tests under normal stresses of 10, 15, 20 and 25 MPa. During the loading

process, acoustic emission (AE) signals were simultaneously recorded, and the permeability of the sandstone was
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measured in real time. After testing, the fracture surfaces of the sandstone samples were scanned using a 3D
scanner. The test results indicate that the permeability evolution of sandstone during direct shear exhibits distinct
stage characteristics, which can be described as “gradual decrease—slow decrease—slight recovery—exponential
increase.” Throughout the loading process, the permeability of samples subjected to high normal stress
consistently remains lower than that of samples under low normal stress. As the normal stress increases, the
initiation of AE activity in the samples is delayed. However, the Felicity effect occurs earlier and more
prominently, indicating a greater extent of damage. Higher normal stress facilitates a transition in the fracture
mode of sandstone from tension-dominated to shear-dominated. At the microscopic level, increased normal stress
promotes the development of transgranular cracks, leading to straighter crack propagation paths. Simultaneously,
crack propagation is restricted near the main shear plane, ultimately resulting in macroscopically flatter fracture
surfaces with lower roughness.

Key words: rock mechanics; dynamic constant-amplitude cyclic loading; direct shear; damage; permeability
evolution; fracture surface morphology
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Table 1 Basic physical parameters of sandstone samples

RS [ HEZ ¥ (density)/ FLE S I iE(S-wave P 5% (P-wave
(sample No.) (height)/mm (diameter)/mm (g*cm ) (porosity)/% velocity)/(m *s ') velocity)/(m s ')
D-10-1 50.07 49.88 2.47 5.72 1972.8 2986.7
D-15-1 50.03 49.97 2.46 5.49 1948.7 30243
D-20-1 50.09 49.97 2.48 5.53 1957.4 30239
D-25-1 50.03 49.98 2.46 5.27 1954.8 2991.6
A - - 247 5.50 1958.4 3.006.6
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(d) =ZEBOEHAR
(d) Handheld 3D laser topography scanner

INNO-SCAN = 4ER0'G IR S A T 1 A B D I
M. ZFREETSZIL 0.02 mm+0.04 mm/m [
2% [EDREFEAN 0.025 mm RS, HEA 1300 000
measurement/sec 33 HEIE ZF1 355 mm X 375 mm K
ML .
2.3 WEF®

R T AU F R R RN PRAS, W38 e
710, 15, 20, 25 MPa 3t 4 Mgk R F 7K 2022,
ISR H R o 2, R AN A BT )
In#EGEe AL 0.4 KN/s (PR ZEAT, JEHINEE Y
NZHW . EAT BRI BT VIR, DA E
I B I AE K o PRI INEIEEAK BN



G

FasE F2W

VB ShASEIRIEI AT B TR BT - B 7t * 401

SRR N TR Fanax 10 10%0230 . 45 45 B8 I 284t
I8 25 A PR AP 7 3 F i B HE IR IR IRAEAK S5 5
HATEESRIEA EBRL. B1EREWE 3 iR,
10, 15, 20, 25 MPa i£ RN/ FHITRIEAK 5514
6.7, 7.2, 8.4, 10.2 kN, LIR{r#EIGIRAK, AR R
T BRI MRAKL 524 1 kN,

=

~

AK=10%F nax

0 I [e]
B3 A S0RIEH B8R R ) i s e B
Fig.3 Schematic diagram of stress path for dynamic constant-
amplitude cyclic direct shear test

RIGHTE A FE NI e 1.1 MPa (%S IE
71, R NBCE AR R R E KSR
HERAEZ) 0.1 MPa), LUERK | MPa (P85 & %
R EFERARSEPPEAFFBESR, fHE
BYPIBLER b iy oS EAE B 0 SR I E A IR
o BER k0 HEG A HEA

2ufROL
T (B P4
X w AREREINEE, AAERR T HEN
1.771x107° Pa = s; QO AL E] A8 IS 1R
FEAAAY 4 R E@mYs); L NiAFEKE(m); Polv
PR RS R (MPa); Py N AR N O — 3 (1) & 77
(MPa).

()

0 | | BRi A 15
1 : 11 : 11 o BBER
24 | | vV 12
| |
I I —~
1 1 ‘\'E
g8 | d9:
= 1 5
R ! <
& ‘ 5
=120 1%
! %
6F g 13
0 0
0.0 03 0.6 0.9
BT % /mm
(a) 10 MPa i [ ¥ /)

(a) 10 MPa normal stress

BI85 {8 P 31 8 O 5 A 7 2 T kAT = 44
i, SRIGY IR TEIESN 3D B, Xt
AT = 4E A

3 GR54H

3.1 ERENIE S

Kl 4 5 T RbEFETE 10, 15, 20, 25 MPa
RN RBIN ). BERSEYINBER LR N
Bl 4 nTLUE Y, SIE R R ) A AR I BT B ) -
P 25 551535 A0 th 28 B AL RFE . BY
N 77 - AL il 42 3R I 5 =l e 4 R e 3 AL 1) T
AR 5 125 S Ak it 28 A0 5 I S BRGSO 1)
. WRIRBIR S - BIUIN# M 28 RS RHIE RS
FEACHI R, BT - BIUIA A Hh 250 4 A
Bric. Bre I NRIAGIEL, BIR ) - 3P #
28 S b R, R E AR R #h A7 AR B
S [RI PR o B 0 S5 AR AR R B RN T FL B B A BY
I B3 R 3, EH SR R AN L BSOS RS
BHE, BERIZE G BB T & B,
ZIY BRI BN ) - BY AL AL i 2 A TR M 1
FROE, HPELEINENEAE N R AR T, i B3R
BT A BB LB RIS SO e A2 B L (1)
Bk, BIERFGIEC. BEE R RE R, 55Y)
[/ TR RA, BEFRAARMET &S
BB I ARG R B, BN /) - BYUIN #8 Hh 4 2
R KRHIE . BT TR I E A R R AR B
AT B IR, i R BR 1) (] PR AR T 56 2 B B K
HWOEX I BAW AR R, A 2R
IRETVIM, BEFEERE LA i IV NEE
BrEs, BN JIRIR RV, AR R TR, %
VEIA N ) N A 2 0 B R B ERRRRE . 7R

350 | | | WRi 4415
Lo il | o BIER
| I I IV
28k : ! ! 412
I | I —
| | 1 N:
£21 | ' | 4=
= I I s
R 1 I I =
2 | | | £
— 14 465
=R
* | | | b
| I I -
| | 1
7 | | 1 3
| 1
. l
0 1 1 1 1 0
0.0 0.3 0.6 0.9 12
B U)AA%/mm
(b) 15 MPa [A ¥ /1

(b) 15 MPa normal stress



0402 o BRI E TR

10

oo

c 6o
= 5
= <
£ 45
= %)
2
0 1 1 1 1 0
0.00 0.35 0.70 1.05 1.40
BIY) A7 % /mm
(c) 20 MPa % [H] B 7

(c) 20 MPa normal stress

2026 4F
50 -8.0
40 H6.4
£30 148 :
= L
ﬁ <
igpzo 132 t}g
10 11.6
0 ; 0.0
0.0 0.4 0.8 12 1.6
BIY)ALFS/mm
(d) 25 MPa [ 5 1

(d) 25 MPa normal stress

K4 BERFBTRETIN S BEFR SR KRR

Fig.4 Relationship between shear stress, permeability, and shear displacement for sandstone samples under different normal stresses

BULARE, BT mEor R R3], BYR8)
FIR A FEPUEY SRR J5 VR I B AR, RSz
Ing. By DLRRE B D) H I 28 AR 49 21 1 1 5
IR RS FEAN e Ak ffi o bAh, TN VK I A
WL, B TADAS J2 DL A5 WA B W 7 A B 8077 kv ik
EHBIERE, BOREMBIF LGP RZER
WEEAE A WA B N ) RS I 2

N T B R B SR 1A B )R 5 55 T A R
B, Gt THIIRBIER ko BN BI85
B ko VEEBIER knao HHE THIMGARLIEN B
(113515 3 T F##E 2 PDR. PDR & XN

_k -k

PDR ©)

e ko ALY BONS I —/MBIEZR, DNk
XT . B BT o

Bl 5 45H T kos kar kmaxs PDR S53E[FINJT11)
KFZ. HEWHR, HEEXERNIPIGER, a2
B B NES . ko BIPE/N T E T I BY 1) far K
T, VRS 3G KA B T R A 0 A A R AR
TR R AT ALBR TS 20— P B R %5 . PDR HI8/NR
HHYZ ) L 4006 R 35 R )4 v R 1) 1 BT D) r 800)
AR — D R, H k 5iERIN IR AR
KRR BT AR IR 2 (A A I R B R P vy o
X R TR IR B B3 K3 B T A R 2 M Bk
URBIN )] 52 1EBI N T K. 10~25 MPa i%A]
NN IR &R BB R 46 5 2B BT N ) 4 2N
58 5185, 645198, 79 5247, 83 5353
MPa, B R8N KA S FELE I SR B i)
FEREFETINIE T o Kmax TP/ 12 B ) 821G K
2 BRI 2 0 B @ BN TH R FIRE T o kos ko #FAL T

15 —o0— ko 2120
—o—k,
A Kinax

41.6

=
T
1
o
o
PDR/1071®

w
T
1

N

~

0 1 1 0.0
10 15 20 25

18] B 77/MPa
E 5 kO’ ka’ kmaxr PDR 5?2[@&7'35"]9%/%

Fig.5 Relationship between ko, ka» kmax, PDR and normal
stresses

CELBRIL” BB, T kmax [ 45 FAE A FEWT 25 1S,
FREIIB IO BRI ™ #4578 Sy 7 LB L THT g <« 34
BRI 5 VKIS B3GR A 2 W B DI TS R 7K T3 7T B
BRAG, b TIBIE R
3.2 EREHES

PRI SRR 2 BmT 45 20 75 SRR I 7E R
T, HETHERT A PR AT R 5 R 22,
Bl 6 45t T AN ENE R A E R FRME BTN HREE
TR BT HRES THEBE A, 1B 1 ARk e R . B
AN, AE 5 S1ERANEIINL ) F#ERILH T AHAL
R . TEINEVIGEI B, #H —/ N AE P
W, XM BT 3.1 Bkl LA A M B
i, BARMIN 1K S B RRFLBR  ELRR H f T
(1 BE R RTINS 54 AN (2 DAP= AR I AR BRI{EL (3
BERERG, B AE 55 Bk . Bl BT R ) 3K,
FEE = AR IR T B AE 55 . Bl 5 A reidt
NIEZEHERY B, 3 4P B B i B 0 7K ST 1 R )



F45E B2 PUBTESE: SR IRIEI T BUEH NP E BT - BiRie At * 403
30 . By 43.0 40 35 .. B R A 140 45
— PRI — BRI :
5 R I Ry
ol ZitRE L 1ss i BRI 1 1y
4 é é
§18- 4182 2.43\:;% §2 4242 3%
g A 2l 2
=12r e 11216 ! 16 122
I B S
6 J h 40.6 0.8 40.8 1
0 i ﬂl“\l Mll” Al.‘.mm l |Lh|h\l ‘ll 0.0 40.0 0 : =100 do
0.0 0.4 0.8 12 1.6 0.0 0.5 1.0 1.5 2.0
I A/(10° s) IS [E)/(10° 5)
(a) 10 MPa % [ B /7 (b) 15 MPa V£ [ /7
(a) 10 MPa normal stress (b) 15 MPa normal stress
40 .. @&73 4.0 95 S0 ... %ﬁj} 140 6.0
— WRIHH : — W
o Emalimeaarom R R g
Wl BiHRR 1, 40 SRR ] P
E =
& 3% £ 30 {242 3.6:_%
= 2T = 20 116124
S Bik
1 10 4 0.8 1.2
L1, 0 ot MML 0.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 1.1 2.2 33 44
I A/(10° ) I A/(10° )
(c) 20 MPa % [ B /7 (d) 25 MPa V[ /7
(c) 20 MPa normal stress (d) 25 MPa normal stress

K6 AFRNERRFARITIN . IRE TG RIHRE TS N B < &

Fig.6 Relationship between shear stress, ringing counts, cumulative ringing counts and time for sandstone samples under different

normal stresses

%&%@E%@%%%ﬂ&%%i@&#iﬁ%ﬁ
I BRE R DR IE, AE (5 SARE S, R
AL ﬁﬂm,%ﬁ%%ﬁﬁﬁﬁmﬁﬁ%%ﬁ%
o EIREMERT B, BIVIMARA AR ST R4
KEN AE 55, RUHRRITEERIU AR P
WK FEIER ) 2R, RSR TR ARG K
H HIER K AE - (AR, 10, 15, 20, 25 MPa
ERN IR, AE {55 S E 508 747,
182.1, 305.7, 600.8 s, Xt RIBIYIN /12 3.04, 4.77,
6.52, 8.23 MPa. B ERINJJHIBE K, WILEH S
R PE K . X RTEINAT 2 /T, 5
JNE 3 R R A A S A AL R 5 R B L 445 31 [
2, SUCFEE, ORI N S R T
BRI 5 B R B BY R g, b BRI 1 f e i
(PESBNPESE, BUE AE 155 (18 30 B 1AH G K
Kaiser XXM Felicity 288 A& A A EIEI INEK
REFE PRI R, AT DU B A R S
TS, R A A B B B A A RRAE RO,

Kaiser RN HE 12 faf 4K T 2 Hi AT 52 e K8 dnf i A
RAEFRFPLER, Felicity BN 8 KL IEI LR

Hh Bk 2 P 52 e K T T R A N 2 7 A IR
BB, SNy 0 A M ik ) B REEE A AL
(Rsgme, FRYE A AR SE B RAE, 51N Felicity
Ratio(FR)B™SURPEMh A A IR I, [FIRF 2RI b5
TELEM Kaiser U A Felicity 2408, Ho LR

7,

FR = max (3)
A FR, 2B i MEIRH Felicity t, o NE i 1534
©EHI AE S SRBIN ME, oA i—1 A
RN SO NV

W4 € S, Kaiser BN R B TE FR =1 I 74 %A% .
Felicity SN AE FR<<1 I Bi3Z. FRAEHVN, KA
A B R T ) B R P R B8, 7E Felicity
FLiaF s, B AT Mg — AR L o “
WEE AEES” « KHAZSE J. Guo ELBHEHM
BB ik, CLRA AR RS T 28 A i B0 i 24



« 404 + HA S TR 2026 4F
RS XE R R 1K R 5o 7 BE R s B A ] 7 110 -
_ —o— 10 MPa
FiR e —0— 15MPa
RAR B B —A— 20 MPa
Or o o 140 105 F 7 25 MPa
B /]
—— BUMRRITH Kaiser&{ i
R 432
_______________________________________ - T
% Ay 124 _;:!i Felicity X v
R e <« N
= ()i h 0.95 R B
ZR 16 v 1416 =
"""""""" ,er' e
! J .
Dot
8 ------- '.I"_ 7 0 8 1 1 1 1 1 1 1 1 1
. - 0.90
Lo 01 02 03 04 05 06 07 08 09 1.0
0 i g SR SR PN NOC
0.0 0.5 1.0 15 20 K8 ARNEFMNSIEH FRE FR-NOC 2k

i /(10 5)
K7 IR R A 2 AE 5 S N D ER S
Fig.7 Schematic diagram of stress values generating
significant AE signals during testing

T HEAFNER NS N ERE FR BEAEIRIREL
AR R, AEHIREGHEAT T IH—fb . H—101F
WIRELNOC, 58 SURE i MER KBS SRR R
L. B 8 4 TARNEMI N JfEH THbA FR
5 NOC Wik %, MEHRATLLEH, BERMN )T
FA FR BEEIEHREISEIm N, REA A A
P FE BB R . IR BT VIS FR 4%
K, B WA RN, B JEE B 3G n,
FRAEZHR/N, B9 DTS 308 0 B 2 I8 B A FE 4y
SR .

R T E A A AR, AR
FR B NOC WA, 7308 FR>1. FR ¥R 1,
FR<1 =B Bt, 2 0ill% B A F2 G
o 24 NOC /T 0~0.4 JuFl, &40 THARMN
FIKF, BBEAN T FRAEHAT 1, RO
(1] Kaiser M. BLH B B AL T 280 & B BO R
LRVER BERT I, A A OO BRI T ] & 24 NOC
T 0.4~0.6 JEHEIR, EFELTHER IR, %
VERIN IR FR HIZHEE T 1, 153RIN Kaiser
RN o SRR B b T I 2R M B B B 2 oK 1
Hyyb g, sYImAGE L. 4 NOC 1E
0.6~ 1 JuFEII, AALTHRER K, &k
JIAFE FRAES/NT 1, R W Felicity R0
IR BN AR AR R B, BT IR KR A S
¥R, SN MRGRE 28, BRI
M. HEAEEMLE, ARVEMN I NAEA ST
Felicity RN, % 2RI BY 87 ) 55 08 BY B ) 2 Ly

Fig.8 FR-NOC curves of sandstone samples under different
normal stresses

5149 80.12%(10 MPa), 75.14%(15 MPa), 72.64%(20
MPa)Fll 70.90%(25 MPa). HiLA] I, BEE LRI 5
K, AAERSHIET Felicity UM%, H
HIGREEBEAR. X—B%5 Z. Q. Hou 1383
WA EX A A FR EEmSH it —8. HE
RIE T, 3 Im) S 77 38 R A AR 75 22 5 K B 5 7
KA RN . BEEIEIR KB 2, BIYITHR /14
PR O, I 5 B E R A0
3.3 WIREERSTH
FAMRLE LG BRGER, dRTEH
AT IS AR TE RN SN A R e B i 28 A 2R 1)
TR pIE (=l SR KR 7 e vl % NI PP ) VA B N0 =2
Wrad s B 5 =45 m A K. B Y BovsIYI g7
a], X RN BTYI 7 R R R, Z Sl T 24 T e 80 R

Z/mm




F45E H2H BUBIAE: S ASSERIEA G B TR A D) - BT * 405 -

Z/mm
0.5

0.0
—0.5
—1.0
—15
—2.0
—25
—3.0

Q »
p)
\0 g

309 —35
Wt 10
(a) 10 MPa %[5 B /1

(a) 10 MPa normal stress

3.0
25
3 2.0
£2 L5
£79
No 1.0
0
0.5
) W 00
') 10 [y
0 v —0.5
Wt 11
(b) 15 MPa ¥[8 5 11

(b) 15 MPa normal stress

Wi 1 W
Z/mm

1.0

0.5

0.0

—0.5

—1.0

—15

Z/mm
1.5

0.5

0.0

20 —0.5

20
0 i
300 1 —1.0

Wi 11
() 20 MPa %8 B /1
(c) 20 MPa normal stress

s ®
iy W Dy

Wi 11
(d) 25 MPa ¥ [ ¥ 7
(d) 25 MPa normal stress
K9 ARNERN AN AR I 5 = 4E55 m 2
Fig.9 Photos of samples fracture surfaces and 3D contour

maps under different normal stresses

FE R B EAET A BR Y . RV E OV ERE S RS
B S ELAR ) | 25 mm b Z Bl IEAE RAETE
POk, FUERILESIME. HERINE, BT
Wi A PR R, E TR G E A RN
A}, W MATLAB A s = 8ds 4T T4 IE.

M9 FTEAE H, AFBRERN AT, Wi AA
AL RE. WA RS 2R, 1E
10, 15 MPa &[RRI T, AREIERES RA Y
[ “BH 7 RRAE(E R AL R LR, 1T 20 VAT
RLAR, EVEWRIBE Y “FE” . BR 25 MPa



o 406 ¢ BRI E TR

2026 4

AR R R I A 5 B RHE, H
HYERR/AN, WH =4 EMERE, Wi K
PRI R A P E” RFIE. XA SR L
KRR T B CCPE” AR, nTRE R AR
it 3 G W LA AR S BT 3 T R g ),

NT e ERRIESRHER Z S, SIABRmE
RV Sa.h FIARHEZE Std.ho Sa.h HKFE S E
FEMEFE B A NHA R FIME, ReRAEWT 2L R
A 5 BV T O 44 Std b SR RE 5 B S v T
PR AEHE AR HEZE , X R EEAE NN UK, fiE
% T UL M e e L T 2R T T A 1) B R R DS), PS4
RIA A

Sah=—-3 37, @

mn -y =

wm:%Lfiﬂgp&mz ()

mn -y =

s m, n ik X E A BB 2 AT R
FESHG Z Rt i B T A EE S .

WA W Sa.h, Std.h S5ikF RN FIHIE RN
Bl 10 B, WTUVEH, WRMERIESSHRE
FE 1 R LTI KTV /N o Sah ABL IR /N 2% W 15 1)
N7 1 38 RSt 5 A 7 28 T A R A P v PR AE A | 42
T HEUETT s Std.h B AR 150 B 62 PR A v FEE 1R 0 1
PERRAK, WA ARN 8. Rk, BRIk
NETHER RN TR . X C. X, Zhang %5140
5l 05 A W T T A S0 Sa.h R Std.h [R50
Frfg 4 e —5.

18r —o— Sa.h, Wil 08
—o— Sa.h, Wil
o Std.h, BT
]SSR -0 Std.h, WL 4 0.7
gl2f 0.6 g
£ £
3 3
S =
G091 053
0.6 - 0.4
0.3 L L 0.3
10 15 20 25

%19 ¥ JJ/MPa
Bl 10 B AW Sa.h A1 Std.h 515 BT R
Fig.10 Relationships between Sa.h, Std.h of sandstone

fracture surface and normal stresses

N T RACKT R AR L, N, Barton 550174
St 7T EHRS [ R BUJRC), R RBAERE S LT
PR T A RN ARYE I 7 s i

R, I X BT A MGER G 5 BA 1 mm [ [#] 5E B
B SIIRIN 50 SRR Z . RAIET — I ¥y 77
MR(Z, PP IS e R JRC T B SRR AL
WL RS P, 4T 2R JRC I RIE N

JRC =322+32471gZ, (6)
e Z, W RS BRI 1) — B 2 B 2 T AR
Z, MRIEAXN

1z —2z )
Z,= || — B 7
\/[M;(YM _yiJ ] @

Ay NIRRT M AAME, 2z TR
L LRI AR, M ONIURE S

B 1145 7 #HE TR N R 2 AW i JRC
EHULMEL . WEHFRTBVE W, FEEVER N 1)
WK, JRCAEZANVERARMIR R, RYIER NI
K AFEWR TS AR, 5 Sah A1 Std.h {6
R 1 i 2T T BE AL AT NS Lo

28 -
o Wi Tl
o W1l

24

O
520

y=—0.77x+33.91
(R*=0.97)

12 1 1
10 15 20 25

1A K F)/MPa
K11 SRR T 2 BRI JRC B BL A S 2
Fig.11 JRC values of two fracture surfaces under various

normal stresses and their fitting lines

5 WL 2R T FRAELRRE J3E 52 S A 52 T 3R SO0l
MR R . W TTAERFE, VAR N TR A
FELOLERPI TR S S TR T RN U S SR E DA AR 1
S BY DY, JE TR B AR A 3T o T K
ik by A ) BT D R AR, T R I T 5
HIBTUII, (LT RS T I WA FER
WA NI, HAROIBIER B9 0 2 T b,
(1) WERREGEERT YRR (2) 7 RS
SR DRI R . W R EORE A A R RS0 )
BRI AT, et 27 f R SUW E 3%
FIEN YRR, ¥R T . A AR
EFEART HORRRE, 7 RROUER T H R
A ECV RS R, AR, FORR TR A e th B



g

FasE F2W

VB ShASEIRIEI AT B TR BT - B 7t *407 -

e RIETT 3.1 ik, BEEERN AR, A
PR ERAERT B AR (R KT, X R
AU R B AR R B4R I S 7K -8 e o
TR N FPBARI , XREUR Y AR AR IR,
FERARRL A1 AKT I A AT A AR, BN R34
ARG T REUR N J13 78 7 IR 18], RS0
EIRAERE AR I, AT LR MRE. £
iR, ROy AR, G
FERE B2 (A W28 T o A V5 1) D O R, REDOA
FIT TR (R R ) 7K P o A 1 BT 2L AR R I H 11
Felicity RN . £ RGN KR REEN N
T EEE RN A7 B AN A DA A v B
CAIN SN =410 VZAE S S O Fi T E A 11 SV
SR, B R VA A N ) IR 1R AL AR [ 42 17
RIAE AT, AEIL NG B UIm . EBY DI RS L
P ERTAY R, & RS R W R

4 ¥

4.1 ERNAMWEEHIREPRGREER

HORBERR MR o VT RERE
RARBRE ST RS Ot R D RERAUIEAZ S5 2R
SUNY OIS, Tk R, Bk
FRAT ARG R, RS IR BT KR,
BRI A A T ERT8, A A A R B R L AR
T, BT A ARSI R, SRS AR AR AR AL
oA, AEWCREUE B — % A A S I
%, TERHALE AT, C. L. Wang 555
AE FAFI=YERRER, L T 6 A Bl S 48
REOUAZERERIATRAL, KB A AR B A4 R AT
RIWRE T, REUEZAR AL EA R th AR .

FHEET 4l , BRI A S 1
s, RIBIOIHE . A BB DI R BY )4 iR
ST ANK RSB Bl A 7R BT YD R i
REUGAZ AL B A LB E R . Y. X, Liu S50104%}
AFERSEE A E BRI M EUE R, S A1E
INEHTIA R B AL B B N A S T, B Y
TR, REHE NN A%, HF A B D)
PR, RERAETTYIMIR . MR — @t e,
B 12 g T ARFRE RN DR A A BB R 4
A IIRE S PN . B 12(a) FI(b) 73 Al R AR AR i)
2 A1 A AN R N A1 264, O~©@ N8I FE 1
AFRBG MRS ARFRAFENEAERE, O
LRBURGREEL, DR 8 O il 2 AL 2 W 2R A

T
() fIRIE T By 2% F

(a) Low normal stress conditions

N
ﬂﬂcﬂrﬂﬂ
=so
~ N
\/
/N

T T
@ gy ©® 11y
= AN NS
A N T A AN e
= =/ = ) / =
= = N = = N =
it 1T
T T
T T T
® 110 @jﬂﬂﬂ @ 130
i\ =]
27 A E S (Y 370k
b= \ it c-b_ba \'ll'/ c-b-b-:t \l{/ =t
= /= =) / = = ‘,f( / k=
= N = = N = = YN =
[k T 1T
g LT
(b) FERI R Iy 5 AF

(b) High normal stress conditions
O—In#HT: @—RIPEN B ©—iLLMEbr B @O—IFLER Bl
#: O—&MN B bl ©—ALIEMBUEH
Bl12 AR ARy T e i A A 7R
Fig.12 Damage evolution process of samples under different
normal stresses

FEBY D) BRI A, B e BT ) g 2 o R A
JRAER RS EOLE 12 F Q). BEETEA
fRritn, AR ZREHT S (LK 12 @), HRE
BNk, £E 12 FORRERET, SRR
B P A RERE LE A v, 30 T o T
WA B, A RERA P E R AR . T
LR AR R, AR B T A R AT 2
P, e S AR e g9t . FE5A FEt
NIRRT BE » A PR A R A D B ARG (L
K 12 H10), FEJEROEARLIEN BOAT KB A
PRI LI 12 @), RAFEARL LR Bt
WETI I R(LIE 12 @), iR N 3
K, ROUNY AR BILEBY DI L, Pt mkm
232 T SR F I 3 B D T PEARYE 17 N 0 2 1
AR (E P REENR). A, TR R8T N
JIERL, i R 2 BY D) PR 45 1 R P L
RIE RN AR ARERT BRI, REHET 8]
DIm4kELy e, HEAFRRLE 12 16). RYE
3.3 BRI ST, i A R AR R AL
VRS RETSEE ST R, UL 12
OB, K3 A B e A
IVPAR= e S HE
4.2 SERN XA RS T AE T A9 HNEI1E

T 3.1 PoRiBIERERGE R TR, ElFE



« 408 * BRI E TR

2026 4

DI Ak e, ik i) BN 78 R AR /N T
RN ARFE . AL RERBE R “IL
B B “ R i FE . FR S RE W L
Al F1 264 P A A R E ) Felicity 208, 17
iR . (HTE “FLIBRIR” B, REH @R
(e IR ISt Svi g <8t LI M = R N I AP AK o € L2218
(1 % P A5 1 BT 3 35000098 1L 25 ) /N 3 18 03
IEEAIR I Uy S e I P NTITR: 3 N e 352 S1i1] 12
ik, WEAEBIE RPN 2SS, SR B
FE W LT o SRRE 7203 6 2 2 ph R4 T KR
FNZLBRIE 2 M P, KEMF TR, 2R RS
FE I BEAR RV /N BT 2L 7SI 0, IR R 3L B AE
77166691, T TP () W 2L T ek T RSB IR B AR
mhr i SRR I R s 5k, AIBEL T
RERRIC . BLARAHIT FT IR (1 I 24 T AELRES P38 B 5
[ 827 3R T B A, AERAE VB IE A58/ . R
ER LT TR B - BRI 1S 3] 7 BT
THI RIS I e T Y ) B 36 KT PR 45 3. 1X 3R
BH Y R] B 36 K i 5 U 24 BRI K 1 FF BE B X8
7 2RI R 1 FH R TR R P A SR AR HEVE
SR, ASHIE 78 B ARG 2507 70T R BT ) - B9
RIGHBLL 10 MPa ¥ [H N A E R MGTERIN /T, 1%
VTR LT R S 7 AL B 2 [ R kA A a]
RERE R, B RGd R RE m AR R S A A
W72 I PO ER REL Ao FEE W 284 T 8 98 4 2 2 1 FH A A B
o WAL 0.2, 1 A1 2 MPa IRMREE A /14
PERHT T 58 B A BT D) - B AR, ot
Foak PR RIEEARIR I B F1 264 N, YRR B Sy 3
KIS BACEFEB D) A RE R RE 71, B Tk
[7] o 3 B8 RN 5 A V538 R R 4 P E

5 & it

AR SCR FH et () = B D) 3% B LD R i
177 10, 15, 20, 25 MPa UANEERIN /7 R HIEhAS
LRGBS . 7R RIS L ST e WD 5 8
EHR, HFAWRE AE 5%, W54 3D #0t
PSRRI S . EEAH LN EELE R

(1) WAEEESREFHBERE “BPF
i — A8 B A% — W B[] - — FR 208 K7 BB B v
. kI BT R T AR A R AN
LB 2, FBUA YIRS E R AT L PENT B

BIERWIBEAC, FEIEA PRI RS 0] 2 L R T 1
FUiRe ), G EHBIEER T,

(2) LN S K FE AE 155 )5 S A i 4E
iBo EFEEIEHBIYIRAE S, Felicity Ratio(FR)FEIH
—WAEHRIRE(NOCO) BB A AR (FR> 1)
G (FR #l DMEHH(FR<1) =B B #HX T
S ER AR C =TI R 7Y = o e N E (K 5]
B, HEEE NOC 3N, AFeRPLH R EN
Felicity RN

(3) E NS RAL RS A Wi T A ST
] PR RRAR, WA AR S R AR Y
VI, RMEEESE Sa.h T Std.h J 5 FLFLRES
FE ZEL JRC YW 7] ) 3G AN o6/, 2 B W T
AR PR B2 () FRAI, T i TP . ol |,
AR N R R EUR T, REd R T
Ho HUCFER, @ik NRay R R
BP0 RARE A, T RROR A R 1
LTI -

£k (References):

[1] MENG Q, LIUJF, REN L, et al. Experimental study on rock strength
and deformation characteristics under triaxial cyclic loading and
unloading conditions[J]. Rock Mechanics and Rock Engineering,
2021, 54: 777-1797.

[2] LIUY, DAIF, DONG L, et al. Experimental investigation on the
fatigue mechanical properties of intermittently jointed rock models
under cyclic uniaxial compression with different loading
parameters[J]. Rock Mechanics and Rock Engineering, 2018, 51:
47 - 68.

[3] ZHOUJP, DENG G R, DENG SF, et al. Experimental study on the
permeability variation of sandstone at cyclic stress: Implication for
underground gas storage[J]. Journal of Energy Storage, 2023, 60:
106677.

[4] LIUXS, NINGJG, TANY L, etal Damage constitutive model
based on energy dissipation for intact rock subjected to cyclic
loading[J]. International Journal of Rock Mechanics and Mining
Sciences, 2016, 85: 27 -32.

[5] FATHI A, MORADIAN Z, RIVARD P, et al. Shear mechanism of
rock joints under pre-peak cyclic loading condition[J]. International
Journal of Rock Mechanics and Mining Sciences, 2016, 83: 197 - 210.

[6] YANGSQ, HUANGY H, TANG J Z. Mechanical, acoustic, and
fracture behaviors of yellow sandstone specimens under triaxial

monotonic and cyclic loading[J]. International Journal of Rock



FasE F2W

PUBLSE: ShASERIEA G EAE N T A 8T - BiilR i

« 409 -

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

Mechanics and Mining Sciences, 2020, 130: 104268.

LIUXY, CHAIZY, SHENY X, et al. Evolution of deformation
failure and energy of siltite and significant shear fracture structure
under cyclic loading[J]. Rock Mechanics and Rock Engineering,
2024, 57(10): 7835 -7 860.

DUAN X L, WANG W, LIU S F, et al. Experimental investigation on
mechanical behavior, energy evolution and gas permeability of
anisotropic phyllite subjected to triaxial compression and cyclic
loading[J]. Geomechanics for Energy and the Environment, 2023, 35:
100483.

FAN L, LIU S M. Evaluation of permeability damage for stressed coal
with cyclic loading: an experimental study[J]. International Journal of
Coal Geology, 2019, 216: 103338.

XUEY G, KONGFM, LISC, etal. Water and mud inrush hazard
in underground engineering: Genesis, evolution and prevention[J].
Tunnelling and Underground Space Technology, 2021, 114: 103987.
ZHU C, KARAKUS M, HEM C, et al. Volumetric deformation and
damage evolution of Tibet interbedded skarn under multistage
constant-amplitude-cyclic loading[J]. International Journal of Rock
Mechanics and Mining Sciences, 2022, 152: 105066.

WANG Y, YIYF, LICH, etal Anisotropic fracture and energy
characteristics of a Tibet marble exposed to multi-level constant-
amplitude (MLCA) cyclic loads: a lab-scale testing[J]. Engineering
Fracture Mechanics, 2021, 244:
T O 8 & B, NI TIER R RREISER
PERIRE BT FE[I]. & A 14 5 TR, 2016, 35(2): 260 - 267.

(WANG Wei, ZHENG Zhi, WANG Rubin, et al. Experimental study

107550.

of permeability properties of granitic gneiss under different stress
paths[J]. Chinese Journal of Rock Mechanics and Engineering, 2016,
35(2): 260 - 267.(in Chinese))

NIUZH, ZHU ZD, QUE X C, et al. Experimental study on damage
evolution process, seepage characteristics, and energy response of
columnar jointed basalt under true triaxial cyclic loading[J].
Geoenergy Science and Engineering, 2024, 237: 212774.

JIANG C B, DUAN M, YIN G Z, et al. Experimental study on
seepage properties, AE characteristics and energy dissipation of coal
under tiered cyclic loading[J]. Engineering Geology, 2017, 221:
114 - 123.

DUAN MK, JIANG C B, XING HL, et al. Study on damage of coal
based on permeability and load-unload response ratio under tiered
cyclic loading[J]. Arabian Journal of Geosciences, 2020, 13: 1-11.
Bl 8 S B, 5 SHREERIEAEEIEN T A E
BIE KR RIS FHE RSB TE[T]. A A 1 S TR, 2024,
43(8): 1923 - 1935 (CHEN Xu, XIAO Yi, TANG Minggao, etal.

Experimental study on deformation, permeability and AE characteristics

of sandstone under multi-stage cyclic loading with a constant

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

amplitude[J]. Chinese Journal of Rock Mechanics and Engineering,
2024, 43(8): 1923 - 1935.(in Chinese))

ZHU Q, YIN Q, TAO Z G, et al. The seepage characteristics of rough
fractures under cyclic shear loading[J]. Physics of Fluids, 2025, 37(1):
016619.

RISLIC, Vi, ERRBE, 58 (RS BTUMEN N = 4erii R R
PSSR TE )], B 22712, 2023, 44(9): 2 757 - 2 766.
(YU Liyuan, YANG Hanqing, WANG Xiaolin, et al. Numerical study
on nonlinear hydraulic properties of three-dimensional rough joints
under cyclic shear conditions[J]. Rock and Soil Mechanics, 2023,
44(9): 2757 -2 766.(in Chinese))

FENG X T, WANG G, ZHANG X, et al. Experimental method for
direct shear tests of hard rock under both normal stress and lateral
stress[J]. International Journal of Geomechanics, 2021, 21(3):
04021013.

ZHONG Z, HUANG D, ZHANG Y F, et al. Experimental study on
the effects of unloading normal stress on shear mechanical behaviour
of sandstone containing a parallel fissure pair[J]. Rock Mechanics and
Rock Engineering, 2020, 53(4): 1647 - 1663.

CHEN J, ZHOU H, ZENG Z Q, et al. Macro-and microstructural
characteristics of the tension-shear and compression-shear fracture of
granite[J]. Rock Mechanics and Rock Engineering, 2020, 53(1):
201 - 209.
ZHANG B C, LIANG Y P, ZHAO Z Y, et al. Effect of stress
amplitude on mechanical and acoustic emission of sandstone under
constant-cyclic loading[J]. Bulletin of Engineering Geology and the
Environment, 2023, 82(7): 284.

DAVY C A. SKOCZYLAS F, BARNICHON J-D, et al. Permeability
of macro-cracked argillite under confinement: Gas and water
testing[J]. Physics and Chemistry of the Earth, 2007, 32(8/14):
667 - 630.

CHEN X, TANG C A, YUJ, et al. Experimental investigation on
deformation characteristics and permeability evolution of rock under
confining pressure unloading conditions[J]. Journal of Central South
University, 2018, 25(8): 1987 -2 001.

CHEN X, HUANG C, TANG M G, et al. Experimental investigation
of permeability evolution and progressive damage of sandstone in the
complete process of direct shear[J]. Construction and Building
Materials, 2024, 447: 138107.

HEM, Bz, k58, & RS BE Mg E =
HEIY) - BB R R HI ). PR B AR,
2023, 54(6): 2419 -2 430.(LIN Zhinan, FENG Shihong, ZHANG
Qiang, et al. Experimental study of triaxial shear-seepage coupling
characteristics of saturated intact sandstone under high stress and high
seepage pressure[J]. Journal of Central South University: Science and

Technology, 2023, 54(6): 2419 -2 430.(in Chinese))



<410 1S TR 2026 4F
[28] DU K, LI X F, TAO M, et al. Experimental study on acoustic 2021(1): 5569525.

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

emission(AE) characteristics and crack classification during rock
fracture in several basic lab tests[J]. International Journal of Rock
Mechanics and Mining Sciences, 2020, 133: 104411.

XIE Y, HOU M Z, LI C. Anisotropic characteristics of acoustic
emission and the corresponding multifractal spectrum during
progressive failure of shale under cyclic loading[J]. International
Journal of Rock Mechanics and Mining Sciences, 2023, 165: 105364.
LIPF, SUGS, XUHJ, et al. Quantitative detection of damage
processes in granite by sound signals[J]. International Journal of Rock
Mechanics and Mining Sciences, 2023, 164: 105356.

XIEHX, LIX H, SHAN C H, et al. Study on the damage mechanism
and energy evolution characteristics of water-bearing coal samples
under cyclic loading[J]. Rock Mechanics and Rock Engineering,
2023, 56(2): 1367 -1385.

fio Yl MEETE, FEMIME, A PEFOINEGRR R KEES Kaiser
ROBLRE A KRG W FL ). 4 A 1% 5 TRE AR, 2017, 36(12):
2 906 -2 916.(SHI Kai, MEI Fuding, CHENG Mingsheng, et al.
Experimental study on the effect of high stress cyclic loading on
Kaiser effect in marble[J]. Chinese Journal of Rock Mechanics and
Engineering, 2017, 36(12): 2906 - 2 916.(in Chinese))

X XIGRNE, BRTIE. 2 Eah R INEER A AR - 75 R0
MAERERIGD]. AR %S TRE%R, 2018, 3703 2): 4076 -
4 085.(SUN Huan, LIU Xiaoli, CHEN Yulong. Experimental on
coupling properties of stress and acoustic emission during coal and
rock fracture under multilevel dynamic loadings[J]. Chinese Journal of
Rock Mechanics and Engineering, 2018, 37(Supp.2): 4 076 - 4 085.(in
Chinese))

DENG Y, YU R G, ZHANG Y. Application of felicity effect in
crack stress identification and quantitative damage assessment of
limestone[J]. Rock Mechanics and Rock Engineering, 2020, 53(6):
2907 -2913.

SHIZM, LIJT, WANG J. Effect of creep load on fatigue behavior
and acoustic emission characteristics of sandstone containing
pre-existing crack during fatigue loading[J]. Theoretical and Applied
Fracture Mechanics, 2022, 119: 103296.

MENG Q B, ZHANG M W, HAN L J, et al. Acoustic emission
characteristics of red sandstone specimens under uniaxial cyclic
loading and unloading compression[J]. Rock Mechanics and Rock
Engineering, 2018, 51(4): 969 - 988.

GUOJ, FENGGR, QITY, etal. Dynamic mechanical behavior of
dry and water saturated igneous rock with acoustic emission
monitoring[J]. Shock and Vibration, 2018, 2018(1): 2348394.
HOU Z Q, LI C H, SONG Z Y, et al. Investigation on acoustic

emission Kaiser effect and frequency spectrum characteristics of rock

joints subjected to multilevel cyclic shear loads[J]. Geofluids, 2021,

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

(48]

[49]

[50]

;51

XEHE, 2% . Wa IR INEN BT IR f 5 RSt Kaiser 248
B[] MERBFERAR, 2019, 47(6): 73 - 80.(LIU Haitao, QIN Tao.
Study on damage characteristics and acoustic emission Kaiser effect of
sandstone under cyclic loading and unloading conditions[J]. Coal
Science and Technology, 2019, 47(6): 73 - 80.(in Chinese))

LI D X, WANG E Y, KONG X G, et al. Damage precursor of
construction rocks under uniaxial cyclic loading tests analyzed by
acoustic emission[J]. Construction and Building Materials, 2019, 206:
169 - 178.

CUIZ, QIANS, ZHANG G M, et al. An experimental investigation
of the influence of loading rate on rock tensile strength and split
fracture surface morphology[J]. Rock Mechanics and Rock
Engineering, 2021, 54: 1969 -1 983.

YANG X X, SUN D K, JING H W. Morphological features of
shear-formed fractures developed in a rock bridge[J]. Engineering
Geology, 2020, 278: 105833.

LUO G M, QI SW, 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):
€2022]B024348.

WANG M, CAOP, LIRC, etal. Effect of water absorption ratio on
tensile strength of red sandstone and morphological analysis of
fracture surfaces[J]. Journal of Central South University, 2017, 24(7):
1647 - 1 653.

LIUY, HUANG D, CEN D F, et al. Tensile strength and fracture
surface morphology of granite under confined direct tension test[J].
Rock Mechanics and Rock Engineering, 2021, 54(9): 4 755 - 4 769.
ZHANG C X, LID Y, WANG C S, et al. Effect of confining pressure
on shear fracture behavior and surface morphology of granite by the
short core in compression test[J]. Theoretical and Applied Fracture
Mechanics, 2022, 121: 103506.

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

BARTON N, CHOUBEY V. The shear strength of rock joints in
theory and practice[J]. Rock Mechanics, 1977, 10(1): 1 -54.
B, PARISEAU W G. & T EU RS R E(JRC) 1 73 TE AL THI].
HEREB ), 1994, (5): 524 - 530.(XIE Heping, PARISEAU W.
G. Fractal estimation of joint roughness coefficients[J]. Science in
China(Series B), 1994, (5): 524 - 530.(in Chinese))

GEYF, KULATILAKEPHS W, TANG HM, et al. Investigation
of natural rock joint roughness[J]. Computers and Geotechnics, 2014,
55: 290 - 305.

BARTON N, WANG C S, YONG R. Advances in joint roughness

coefficient(JRC) and its engineering applications[J]. Journal of Rock

Mechanics and Geotechnical Engineering, 2023, 15(12): 3 352 -



FasE F2W

4

TEM AT EAE T A 8 D) - B iilie it 7

<411 -

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

3379.

TES R, CRUDEN D M. Estimating joint roughness coefficients[J].
International Journal of Rock Mechanics and Mining Sciences and
Geomechanics Abstracts, 1979, 16(5): 303 - 307.

CHENJC, LIJ T, WANG J, et al. Investigation on the characteristics
of fracture process zone under cyclic loading : Insights from
macro-mesoscopic analysis[J]. Theoretical and Applied Fracture
Mechanics, 2022, 122: 103616.

ERARSLAN N. Microstructural investigation of subcritical crack
propagation and Fracture Process Zone (FPZ) by the reduction of rock
fracture toughness under cyclic loading[J]. Engineering Geology,
2016, 208: 181 -190.

DONG LJ, ZHANG Y H, BISJ, etal. Uncertainty investigation for
the classification of rock micro-fracture types using acoustic emission
parameters[J]. International Journal of Rock Mechanics and Mining
Sciences, 2023, 162: 105292.

DENG Y, YURG, ZHANGY, et al. Research on damage evolution
of deep formation rock based on acoustic emission test[J].
International Journal of Damage Mechanics, 2021, 30(1): 145 - 159.
HAN Q, FENG X T, YANG C X, et al. Evaluation of the crack
propagation capacity of hard rock based on stress-induced deformation
anisotropy and the propagation angle of volumetric strain[J]. Rock
Mechanics and Rock Engineering, 2021, 54(12): 6 585 -6 603.
WANG X R, WANG E Y, LIU X F, et al. Failure mechanism of
fractured rock and associated acoustic behaviors under different
loading rates[J]. Engineering Fracture Mechanics, 2021, 247: 107674.
CHEN SJ, YINDW, JIANGN, et al. Mechanical properties of oil
shale-coal composite samples[J]. International Journal of Rock
Mechanics and Mining Sciences, 2019, 123: 104120.

WANG C L, ZHOU B K, ZHU C Y, et al. Crack nucleation
mechanism of rock fracture[J]. Engineering Fracture Mechanics,
2025, 325: 111328.

LIUY X, XUJ, YINGZ, etal Development of a new direct shear
testing device for investigating rock failure[J]. Rock Mechanics and
Rock Engineering, 2017, 50(3): 647 - 651.

LIUB W, XIEHP, HUJJ, etal. Failure mechanism of hot dry rock
under the coupling effect of thermal cycling and direct shear loading
path[J]. International Journal of Rock Mechanics and Mining
Sciences, 2024, 176: 105695.

FANZ D, ZHOU Q, NIE XF, etal. 3D anisotropic microcracking

mechanisms of shale subjected to direct shear loading: A numerical

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

insight[J]. Engineering Fracture Mechanics, 2024, 298: 109950.
FANZD, RENL, XIEHP, etal. 3D anisotropy in shear failure of a
typical shale[J]. Petroleum Science, 2023, 20(1): 212 -229.
CHEN Y D, LIAN HJ, LIANG W G, et al. The influence of fracture
geometry variation on non-Darcy flow in fractures under confining
stresses[J]. International Journal of Rock Mechanics and Mining
Sciences, 2019, 113: 59 -71.

ZAMBRANO M, PITTS A D, SALAMA A, et al. Analysis of fracture
roughness control on permeability using SFM and fluid flow
simulations: implications for carbonate reservoir characterization[J].
Geofluids, 2019, 2019(1): 4132386.

LIB, MOYY, ZOULC, etal Influence of surface roughness on
fluid flow and solute transport through 3D crossed rock fractures[J].
Journal of Hydrology, 2020, 582: 124284.

GAN L, LIU Y, XU T, et al. Experimental investigation of the
seepage characteristics of a single fracture in limestone with different
roughness and seepage fluids[J]. Journal of Hydrology, 2023, 622:
129699.

XL, FLAEAR. B IR ARG AR RS AT P 5 TR 4R A s
TRFERT L[], A 1% TR, 2022, 41(10): 1993 -2 002.
(ZHAO Mingkai, KONG Desen. Study on seepage characteristics of
rock fractures considering fracture surface roughness and opening
fractal dimension[J]. Chinese Journal of Rock Mechanics and
Engineering, 2022, 41(10): 1993 -2 002.(in Chinese))

LIN Z N, FENG S H, WANG J Q, et al. Experimental study on
permeability and deformation characteristics of bedding shale under
triaxial shear - seepage coupling[J]. Geofluids, 2023, 2023(1):
6314590.

BB, RIEH, sk, & AEEESKE RO S =58
D) - BRI H A2 TRESAAR, 2024, 43(4): 862 -
877.(ZHAO Chengye, LIANG Zhengzhao, ZHANG Peisen, et al.
Experimental study on triaxial shear-seepage of red sandstone under
different confining pressures and water pressures[J]. Chinese Journal
of Rock Mechanics and Engineering, 2024, 43(4): 862 - 877.(in
Chinese))

AP, WO, WML, L BIBKIEEH VB ALY - B
WA RIEWE R[] &%, 2017, 38(8): 2213 - 2220.(PENG
Shoujian, TAN Hu, XU Jiang, et al. Experimental study on
shear-seepage of coupled properties for complete sandstone under the
action of seepage water pressure[J]. Rock and Soil Mechanics, 2017,

38(8): 2213 - 2 220.(in Chinese))




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


