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Mechanical properties and crack propagation mechanism of
non-through jointed sandy slate in triaxial unloading test
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Abstract: During excavation and unloading of underground chambers, the mechanical characteristics and crack
propagation behavior of jointed rock formations are vital for project safety and stability. This study focuses on
the jointed sandy slate in the underground powerhouse of the Kala Hydropower Station in Sichuan, and

conducts series of tests on non-penetrating jointed sandy slate under triaxial loading and unloading conditions.
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We analyzed the mechanical properties and deformation characteristics under different stress paths, explored the
applicability of various strength criteria, and investigated crack propagation mechanisms using fracture
mechanics. It is found that: (1) As initial confining pressure increases, axial stress and strain at failure show an
upward trend under different stress paths. (2) Compared to triaxial loading, unloading paths and jointed samples
decrease load-bearing capacity. Unloading from axial stress to confining pressure increases cohesion by 4.1%
and unloading from confining pressure to axial stress decreases it by 30.4%. The internal [riction angle increases
by 3.5% and 7.3% during axial compression, while jointed samples, compared with intact samples, show a
decrease of 32.9% and 53% in cohesion and a decrease of 2.2% and 10% in internal friction angle respectively.
(3) In terms of characterizing the strength properties of sandy slate throughout the loading and unloading
processes, the Mogi-Coulomb strength criterion outperforms both the Mohr-Coulomb and Drucker-Prager
criteria. (4) The theoretical critical angle increases with confining pressure, and biconjoint samples exhibit higher
values than intact ones. The theoretical critical angles range from 55° to 60° under different loading paths.

Keywords: unloading rock mechanics; non-interpenetrated joints; sandy slate; fracture mechanics; crack

propagation
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Fig. 1 Morphology of non-interpenetrated jointed rock

mass in underground caverns
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Table 1 Similar materials and proportions
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Fig. 2 Schematic of biconal jointed specimen dimensions
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Fig. 3 Triaxial loading and unloading test paths
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Table 2 Initial stress conditions of each specimen
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Fig. 4 Stress-strain curves of sandy slate under different stress paths
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Table 3 Results of triaxial loading and unloading experiments
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D1 5 5 91.26 18.72 7.98
N D2 10 10 133.79 21.71 12.98
Rl D3 15 15 170. 90 24.95 19.96
D4 20 20 200. 83 15.16 14.73
El 5 1.69 33.8 95.63 20. 99 14.67
- o E2 10 9.04 90. 4 120. 49 30.01 17.75
E3 15 13.15 87.7 146. 09 19.99 16.16
Ed 20 18.43 92.2 195.15 26. 20 17. 36
F1 5 1.99 39.8 83.18 19.19 13.67
o F2 10 6. 80 68.0 114. 35 22.14 14. 09
F3 15 9.19 61.2 143.85 26.71 17.65
F4 20 14.99 75.0 177.07 28.27 20. 22
Prager & 3 it B 4 D) Xt R o 3 A5 4 AN [R) 2 7 i 42 280
BRI 2 0 LA R H A oo s
Mohr-Coulomb 5 & #fE 1 AT 1 X (1) F Rt WL g 566 403490.09
6= 140_3 + B ( 1) %"3 160 (RZ=0.938©\"‘/{ ‘ P
K20y 0y 53 01 Sy 5 AR O 25 K BCRE T B BT X 1) i i . HeB18 dou 676
KA /N FE R J7, = sl b=l
o M FE B
A—tan2<45°+¢),B—20tan(45“+sp) (2) ““ : 5 T
2 2 3/MPa
HR 4% Mohr-Coulomb 7 W] X & v 7 Fob 1 fag iz 7 (a) ZEHIAHE
AR A K =l i 20 Ol T R A PR K 0 R 20y =TI 155
P TR 2 i B0 5 R A7 SR MR L 2 L B 5 5 ! omy
Mogi-Coulomb 2 % J& 1 v [a] 32 17 F7 1 /\ T 4 160
S P A U)o K iR Ak e Y B LT Y % fiﬂ :”Fm% o8y 01=7316 76345774
ALAjmi S04 AT (B R ) 7,0 5 R b R o
) 00 2 AR PEMSS 3 5 B A
of o VAR I
Tow=0a+ 0oy, » (3) a0 : & - >

Mogi 21 Z % a . b 55 Coulomb $i BY i J& 2 5
BRI c WEEEM oMK RN
_2V2

a ccos g (4)

5 Mohr-Coulomb 3% & /# | $5l & B 2k

o3/MPa

(b) B3 F LA

Fig. 5 Fitting curves of Mohr-Coulomb strength criterion



% 14

FORAE AR AR AU A R AT ) AR R S AL 19

Zﬁsinga (5)

P 6 2 PRI URE 3 Bl AS [l 1056 7 28 R B 19 7.
5o, Z M C R A ML .

b:

uor 7,,=0.734 20, ,+8.295 9
(R?=0.998 3)

7,,=0.752 25,,,+8.303 8

§ 80F (R?=0.996 7)
= 0F o HEIL =R
o FHh N
60 F o TVt 2B L.
50 7,,=0.7710,,,+5.298 3
(R*=0.995 3)
0 ; p . i "
40 60 80 100 120 140
,y2/MPa

(a) SE B4

7,,=0.740 95, ,+5.567
(R*=0.995 9)

[ 7,,=0.720 95, ,+7.569
(R*=0.99 2)

7,4=0.717 10, ,+6.460 9
(R?=0.999 3)

o WML =S
o FHh B
© A A5

40 5‘0 6;) 7‘0 8‘0 90 1(;0 1'10 1;0
0,,2/MPa
(b) XU B A
Bl 6 Mogi-Coulomb 3& A4 N I & fh &

Fig. 6 Fitting curves of Mogi-Coulomb strength criterion

Drucker-Prager 5% J W 75 2% J& v [6] 52 3 J7 19
[, 2% 08T oK e AR T, 3R A =0
VI, =al, + & (6)
VG NS S SR ol O (S DV R NS = W A S|
I 73 5K B A AN
TE =B JIRES 00 > 0,=0, I, 1Z HE T 2 501
KFR A

2 si

(= 2fising ™
9—3sing

k:2«/§c.cos¢ (8)
3—sing

[l 7 2 Drucker-Prager 5% B ffE W 4 & i 26 . fH
[ 5~ & 7 "], AN [F] R ) #% 42 Mogi-Coulomb 5 B
#fE W A1 Drucker-Prager 3 B #E W A % T Mohr-
Coulomb 5 B i U] 4 [ V3500 B 47 . il 36 4 b R*MH
WIS LE 3F R ) AR AE R, PR RE Mogi
LA RBCR M BIME 3 5 0,997 F10. 998, D-P
YEIU 27 0. 994 F1 0. 994, ¥ B 1 &5 F Mohr #fE W 3 55
AR 0. 934 F10. 949, WA 41 B3R 75 % & b
(6] 3 N 7 B RE o Sk T A Y S 8, —
Jrik R A TR SR AT A5 A W, 5 —

T 7 o S o B0 R LA TR 2 44 X 2 A
AT . DR, B AR 8 S 3 22 109, 8 2t
S raa

h=20 (9)
S R 3ANHE T o,z R T, AR
TR 8 5 N i 50 BHe 1 2050

140
130

120
\T>=0.417 911 +13.94 /
1o

(R=0.993 9) o
\T=0.404 611 +13.77
@ (R?=0.996 8)

Y

£ 100 -

=

1= o0
80 F
70

o AL =TS
60| \T2=0.43211+9.03 o b FE 1 ]
(R=0.991 1) o G|V HE 4B L
sols o v T
100 120 140 160 180 200 220 240 260 280 300
1/MPa

(a) SEREBLFFE

J2=0408511+9 o 4

100k (R*=0.9859)

90
& 80F o \D=0392111+1062
= \Jp=0.94 71} +12.47 (R*=0.998 8)
= g0t (R*=0.9

g
o H L=l RS

o TSI K
o VA HE I

G PR S BT S Ll W Sy
80 100 120 140 160 180 200 220 240 260
1,/MPa

(b) X5 Bk
7 Drucker-Prager 58 £ # W il & #h £
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Table 4 Shear strength parameters under different stress paths for the two types of specimens

Mohr-Coulomb

Mogi-Coulomb Drucker-Prager
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Fig. 8 Distinctive failure characteristics of triaxial

loading specimens
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Fig. 9 Typical failure features of triaxial loading and

unloading specimens

AT P9 il 1) 5 1 il 2R 1T DA R % ook 2 4, 3% B )
P F 3 188 ) sk M 2480 5 35 U 2L 80 B i LA K
Wi Z A s 4 . 5 = b 20RR L T A ) fr % A2
FEOXFE MR ARIE I N fEE R AR A
I3 8 Y) R s 2oy B, S B E BRI R AL
IR A I N1 A Sl PR SN DR 127 N 1§
SIS NS I e e v Y APA T SN e N ) S CoE L3518
0 O A e N s = v B O i B < S DA U B 1
AV B s B 5% ) 238 2 725 ot 3 >, e S A X8 i e 2
BT OISR, A 5T ELUS Y B A B T 1) i 8T )
i 5478
3.2 Ry RILEISH

& 10 il ke 52 g7 = I il ) i 282 ) o, ol B
KFER ST, B 03 A Fe /N BN 7, W5 H 5 e/ &
N ST oy B AR a, 9 R B B BT N )« FIIE W T 6, )
Al o fll o, 04T B

z':%(al—as)sin(Za) (10)

5= (1 0)+ (o~ o )cos(2a) (1D



b
4..?\
&
#
=4

% 14

rr

(b) I T
10 538 K S B2 137 4 4iE

Fig. 10 Characteristics of joints and tip stress fields
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Table 5 Theoretical calculation values of the critical

initiation angle ¢, for double-jointed specimens

I [ /M Pa A LA,
SN R R R R
5 57.55 57.07 56. 64
10 58. 11 58. 11 57.68
15 58.46 58.52 57.80
20 58.77 58. 59 58. 38
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Fig. 11 Actual crack initiation angle of non-

interpenetrated double joints under different stress paths
4 it

D) AEAN [ A R 7 A2 T s M DR s %) Al i )i
77 0N AR 35 Bl R P 384 0 B 3 K AR . el )
67 fi A2 T AR ) U L7 g R e L By 1) 7 AR 4 /N T
UL e o N e N D S S S A
B B A5 IS IR T o B R Y B0 7 A A1
TR B R AR T o

2) 3 i X 3 7 i B fE U 4B X EE & B, Mogi-
Coulomb 5 J3£ ¥ W G 5 4 b SR AR R0 BOH A 70 i A )
iy o B R A BEOR SR BE R AE o AR UM BURAE T, 10 B AR
TR EIGDR S T B 55 R T AR, N R A B

S)TE A ERAE T, 5 B 1CRE 52 B I B0 07 fi A A5

210 Bl A R A 3G 0, XY R R 5 A G
IR 32 7 e A2 O B — B UL R IR AL 5 A 1 o o 7 S
R R BB K Y A B OR A7 7 B O
AR T it T ) Al 1] A O R T L2 B 4% sl

A)TEAH TR N 7 AT, B e S 4 A Bl R A 1
IR PN TIPS BB S 2 23 I/ N BT 3 7. S N
JO7 3 A% T R B R A BRIR (ROA T, 4R P 7E 55°~
607,

£ & Uk

(1] ER, REH, X475, % S0E Y HAL B A 57 )W

By R RO R S RRAE R 5 [T). A+ 2, 2022,
43(6): 1533-1545.
WANG G, SONG L B, LIU X Q, et al. Shear fracture
mechanical properties and acoustic emission characteris-
tics of discontinuous jointed granite [J]. Rock and Soil
Mechanics, 2022, 43(6): 1533-1545. (in Chinese)

[2] LINQB, CAO P, WEN G P, et al. Crack coalescence
in rock-like specimens with two dissimilar layers and pre-
existing double parallel joints under uniaxial compression
[J]. International Journal of Rock Mechanics and Mining
Sciences, 2021, 139: 104621.

[3] &M, WERA, INOEE, 55 . A [F %l 22597 A K =

I A g A R IR B P R T A A 1 S TR
2015, 34(12): 2500-2508.
WANG L H, BAIJ L, SUN X S, et al. The triaxial
loading and unloading mechanical properties of jointed
rock masses with different joint connectivities [J].
Chinese Journal of Rock Mechanics and Engineering,
2015, 34(12): 2500-2508. (in Chinese)

(4] B, M, BN—, % ik mE A0 TRy

FLA RS U R R ] A - TR IR,
2022, 44(9): 1741-1750, 11.
YANG C, JIANG H N, YUE L Y, et al. Shear
mechanical properties of rock mass with discontinuous
joints under unloading normal stress [J]. Chinese Journal
of Geotechnical Engineering, 2022, 44(9): 1741-1750,
11. (in Chinese)

[5] HUANG D M, CHANG X K, TAN Y L, et al. Nu-

merical study of the mechanical and acoustic emissions

characteristics of red sandstone under different double

fracture conditions [J]. Symmetry, 2019, 11(6): 772.

XU g, FRRE , TORERR, AR AR BT Y B o

Jr R 5 AR 2L R B T]. e 1 5 TR

i, 2023, 42(5): 1070-1082.

LIU T T, YANG R C, DING L Y, et al. Study on

[6

[a—

mechanical properties and meso-initiation mechanism of
granite with non-persistent joints [J]. Chinese Journal of
Rock Mechanics and Engineering, 2023, 42(5): 1070-
1082. (in Chinese)



%1 RS AR T A AR B e i ) A R RS AU 23
[7] LIUL W, LIHB, LIXF, etal. Full-field strain evolu- sandstone with double cracks [J]. Theoretical and

[9]

[10]

tion and characteristic stress levels of rocks containing a
single pre-existing flaw under uniaxial compression [J].
Bulletin of Engineering Geology and the Environment,
2020, 79(6): 3145-3161.

PAride, BUH, g0, AF L TR B AE B Y RE0R
ZEHLH K B W 5 [T] B Ok o e, 2019, 440385 T 2):
476-483.

GUO QF, WU X, CATM F, et al. Experimental study
on crack initiation mechanism of precast fractured granite
[J]. Journal of China Coal Society, 2019, 44(Sup 2): 476-
483. (in Chinese)

Barz, RO, milg, S E B ST AL Y R ) o
M. A A % 5 TR 24, 2005, 24(23): 4328-
4334.

LILY, XUF G, GAO F, et al. Fracture mechanics
analysis of rock bridge failure mechanism [J]. Chinese
Journal of Rock Mechanics and Engineering, 2005,
24(23): 4328-4334. (in Chinese)

BRI DG, X, 28 528, &5 . P A A = Al 3 4o
TR KRy R R U] A0 e 5 LR,
2017, 36(5): 1162-1173.

CHEN G Q, LIU H, QIN C A, et al. Mechanical
properties and crack model of central rock bridge in
triaxial unloading test [J]. Chinese Journal of Rock
Mechanics and Engineering, 2017, 36(5): 1162-1173. (in
Chinese)

FAN W B, ZHANG ] W, NIU W M, et al. Study on

dynamic loading characteristics and energy evolution of

[12]

[13]

[14]

[15]

[16]

[17]

Applied Fracture Mechanics, 2023, 125: 103893.
YAZDANI BEJARBANEH B, JAHED ARMA-
GHANI D, MOHD AMIN M F. Strength characterisa-
tion of shale using Mohr-Coulomb and Hoek-Brown cri-
teria [J]. Measurement, 2015, 63: 269-281.

AL-AJMI A M, ZIMMERMAN R W. Relation
between the Mogi and the Coulomb failure criteria [J].
International Journal of Rock Mechanics and Mining
Sciences, 2005, 42(3): 431-439.

AL-AIMI A M, ZIMMERMAN R W. Stability analysis
of vertical boreholes using the Mogi-Coulomb failure
criterion [J]. International Journal of Rock Mechanics and
Mining Sciences, 2006, 43(8): 1200-1211.

ZHANG L Y, CAO P, RADHA K C. Evaluation of
rock strength criteria for wellbore stability analysis [J].
International Journal of Rock Mechanics and Mining
Sciences, 2010, 47(8): 1304-1316.

YOU M Q. True-triaxial strength criteria for rock [J].
International Journal of Rock Mechanics and Mining
Sciences, 2009, 46(1): 115-127.

B, MBS, TR H AR ESRM
JIE: op R 2 R IR AL, 2010: 1

LI SY, HE T M, YIN X C. Introduction of rock
fracture mechanics [M]. Hefei: University of Science and

Technology of China Press, 2010: 1. (in Chinese)

I &

(% HAxD)



