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Study on the Microscopic Mechanism of En-Echelon Fracture in Shale Under Compression-Shear Loading
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Abstract: In order to explore the effect of shear slip on the communication and connection of multiple tensile cracks in shale,
based on the indoor compression-shear test, the fracture process of shale with different bedding angles was studied by PFC2D
from the microscopic point of view. The characteristics of initiation, propagation, communication and connection of en-echelon
fracture, as well as the effect of bedding direction, were analyzed, and the influence of each main control factor on en-echelon
fracture was discussed. The results show that in the compression-shear fracture process of shale, the en-echelon tensile fracture
of the oblique shear plane first initiate near the shear plane. When the expansion of the en-echelon fracture gradually slows down
or even is blocked, the shear cracks initiated from both ends of the shear plane rapidly expand and penetrate the en-echelon
fracture, forming a macroscopic shear fracture zone. The morphology of en-echelon fracture formed in the process of
compression-shear shows obvious bedding direction effect. The shale with bedding angle of 0° is sheared along the bedding, and
no en-echelon fracture are formed. The shale with bedding angle of 30°, 45°, 60° and 90 ° forms en-echelon fracture with
uniform oblique bedding, while the shale with bedding angle of 120°, 135° and 150° forms en-echelon fracture along bedding or
oblique bedding. and the scale of en-echelon fracture shows anisotropic characteristics. The en-echelon fracture formed in the
process of compression-shear fracture are mainly tensile cracks, and the en-echelon fracture are mainly connected by shear

cracks to form shear fracture zones. The number of bedding has no obvious effect on the shape and scale of en-echelon fracture
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propagation. With the increase of bedding cementation strength, the scale of en-echelon fracture shows a certain weakening

trend, and the width and size of shear fracture zone are obviously reduced.

Key words: Compression-shear effect. Shale, En-echelon fracture, Effect of bedding direction, Microcosmic mechanism

FE DUE BT IR W IR E R, R
N T RE U SR AL REA RO A i & SRR
i e S BLRE IR 22 R AL, 7 3 [ BE IR 45 AL vh K 45 R B
S Ml BEAGVE . SR, R T B B AR A LB R
BB R RZHUE BT Al 2 W6 25T 2803 T A
SR BEE M 2 A BE L & PRI R . FoT R 1
TUF TR 2L B v 2 2% 24 48 ) 4% 1) O B 5 A1 Bl
KL BT U AL A A 1A AT O X 2R K )
AL S5SNI el 1 S S AN TR DS S
LR Y G TR 2l R PO e A A D
JHE B AR T SR 5 7D T R 1) 22 5 T 2R R B 2
SR PR TRACRIE T - BT AE T T L85 1k
LY 5 30 T i P R S LS BT 18] AR R ik —
A RTT B AR 2% (4 1 L BH K 22 5 4% 14 39 1)
R BA EE M E L,

A OG22 JE BT B AR A 0 U
WRIE 1 A A e e - B AR R 09 0 S e L 2o A
FUOBIARE S TR IRAS T35 2 R . 1 AR b 2 2
AR BT IS5 1M R R R T BT )
A VE T S ERR B 04 2 LT e BR BT U0 # JEE 5 I
J7 3 B T3 WA (L ep 3R R 22 T A7 A BRH 5% %
E 1Y RS R UM E N R 0 M N CI R I DV IR
AN JZ BT 0 5UA B U) BLEE T AL LA . DL
VRS T B U A R B H T S R IR
B 2 M L] L 35 BT D) A B BN LA R A
BT WU L B PR e 5 T 24 5T U A B O, Y
KL ST UVRER BN R . SRS i
BT o A 13k 1w O g %o B VAR S | Bt BT 66 R DL K
FRARGRIE SR 48 78 1 A1k 1 B SRR A A
A4 S IR 3, i H 3k 180 R T 5 T B R R 2 [A] R £k
PEXRBAE R, T HE RS
T 5 380 J3E X A€ e o B U0 B8 IR 1) ol O AR A A L E AT
TR B9 B U A BN R T B Y
B R UL T AE B R T S R OF B T B
SRRE AR BRAED L TRy LG BRI T oA
FR 0 g — W 7R AR A Y, BIF 5T T A A R R BT R
50T UIREE CANER 25 1 L N BE 45 S B 0 1) B9 3 25

HALOC R T T ) i 224 5 ) B 45 3 H00T 35 U E
B 4 204 i S0 AR AR B AR Y 5, R R AR
A U2 TR T 1 I 5855 ORI 42 fdotR 28 5 Bt
SYRRFE R OCR R T 89 U)ok B A MRS 3R i M)
RN i TR C R DS E T € QN R Ny A= S E
T 3% T 22 fl 403 405 38 A0 S5 SO IR AL 15 7 00 ) 2
fEZ B /6 Zr . A8 S W3 56010 X b 25 B 1) o A o
R M BOHACFRIE AT T 1Ak, 20 7 b B D) Ak
WRMABOER S, IR TR AL S5
50 1 Z R B R

T2 3 W A BUE LU I T 2 A 1 85 VI e
AR, ZESEE AR SR F UKL B BT IR AL T A
AT PP 0% 2t B BESE T AL BT - R B 4 X
T} Ko 5 B) 22 % v 5 m R R R o, 4 K E
SR PFC3D g7 T R [ 1 K- T R 5 &
SYRUE R, S BT T DA R 55 2440 240 WL AL R AT
TR 3 ok B B 3 9 AR AL LR 5 T R R A
AR 1) 7 08 B D7) 5 0 200 O 48 405 T8k R AE 9 SR B
BTG 7R T 2R A A B U 2k A v 1 T S g g
725 R Ak I L E 3 MR 2R B ) A T Ak B ) B A o 4
LR TR SR TS =3 N =R LRI FUR R P o U
{278 = WA 3 ol [ DN T/ e DR = S
K iE H RFPA2D BB T 2 A 5 U0 30 B )
Y BRI K B A 5T YRR i RO 5800 e 3
Sy Y] H AR AN, H2A A 59 V) RS0 iR 4/
ik 4B A T AR R, X SRR 2 S AR

gL AR A R -SRI T A
Ar S0 A O T Ak AR O R X R - B AR A
AESVRZE SR A Y 5 VA 38 S 1Y R 2 O AL
FITFFT RS /D . Xt A SC DL AR B SR T 5T
X5 FEANIR] 2 A BE T e - B W 24 50 1 5 il
i PFC2D JURE U D 5 2 W08 A7) B2 X 025 R - 59
Wr L i SR 2L P e 5 i i R AT T
I8 IFRIE T 52 J1IRAS )2 B 0 R 2 B o A X e
IR EEY RIL A R R AL RRAE Y 52 38 T
BT W RS Xt 22 5K 4 4 R 2 B VE LR

1 T E - H 5

1.1 ERREAE
TR A IR AR T EBS I BHRA



LEREFE-FTERTRERINRM L MmN AAR[]]F7 LR EFL,2025,45(12). 197

U — % Sk H F 20 W il oy =2 DL 9 E 1y lfe
PEW WA LU R D ERR L. SEERE B
TR T A e, i T R < 2 50 mm X 50 mm X 50
mm PIE IR, HR AT RE7E — R s e o T
BT B AR . N A RE R/ R R Y 25
M RE R UEJ2 3 B A X — B, 7R I A, X A
A7 YN I 03, S0 1 U0 S o KRR S DA AR
) — ST 5 DT B v 6 285 RS ) o e

L 55 T 8 FhAS[A] 2 #1902 R L i 50
TR A E 1 s J2 BRI £ w5 8880y )
(B (%) F B o 2 R JEBEA B2, 87 0 1 5 K8 7 [ 1Y
Je s p g BT U AR, BB )R AR R 3 o 07,
30°,45°,60°,90°,120°,135°F1 150°,

40

B1 TEE-BHALBMEEE
Fig.1 Loading equipment for shale

compression-shear fracture test

VU R — 5 Wy 243 56 38 0 TR - 57 il 99 A B AE
RMT-301 A A ARG AL Bt A7, 858 8% s -5y
TR L [ 5 76 3 50 AL R R AR L, I I8 8 4 55 )
s B AR5 0 R R AR B e A
JF I B AR BT 4 467.547.62°,70° 1Y 5Y
Vi (RIS pOARIR AT . R FH A6 42 ] A
228 4 ey 2, A A0 0.002 mm/s, % K H]
TUA B A B EMPLOT R, S H R 500 kN
T3 A% TR D i 1) R 0 ey . IR L B R, W AP
SNER R GRS KW R S, BB o8 4 W
1 | SR T SRR A O AT 8 i O s = B2 B
RSB UM A R 20K 3 AR L DL 1k AR
By o PR R i 22
1.2 HEEUFR

B B 0L SR B B OT ORI O . ORI

PFC2D B AR DL 3 A A1 40 A S bRk 1Y) 25 4 45
fE K Ty 2 R vE D5 T C Tz W . ABERLR AT
RhASBOR A o Rh A I WO s o 2 i &b ke A AR
XFiz B, 27 AL 38 0 RN ) A 25 N ) R 2
SEPEIN AT R 25 BT R % o R4S L ) AR AT
JE AT R BRI 1A o 205 4 B 2 R A0 R 2k
BEAY DRGSR AT R 28 15 8 ORE 1) 22 ik 2 L
T DA I s e A A B 16 A 15 2 WL A =X

R A 2 36 R T O R, #E o ROSF 2 50
mm X 50 mm B 4k R - 57 Jp2E A (LR 2),
KA U B W 2 AT O3 A T AN [ 10 2%
R AR, {5 1 #8024 B Y 4% (Discrete Fracture
Network, DFN) 38 il ## 2 i ) 15 & . U UL 00 2=
L OZBE R IEAT 19 578 ANEURL AN 31 641 A4
i TAT o e ZNFIURL 242 2R 0,075 mm, fie K J0R 22 48 ok
0.35 mm, JUABARIE YA L3 1, 5 bRl i 45
RV~ R[EZ AR UUA R -3 m ki
BEAALN R 3 s, Horh (0, S 2 R OR 2 B (LA
PR RO, B AL R R YII, N LR
11,Q X/RBIYIJ1 F Roxfaial, AT 5% PRil 5
PRAF— 20, B8 5 92 bRl g A [8) iy BE 4 K £, ) T
N W H BB KERN N=F (cosp +
Ssinf) ,Q=F (sinf— fcosp) .

2 TMEEBRET YRS

Fig.2 Shale model and its mineral composition
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Table 1 Mineral composition of shale model

URE N RN dit/ % W/ (g/cm®)  PREAR / mm
WA 14.38 2.62 0.250
J7 &A1 4.18 2.80 0.120
VRS 3.45 2.64 0.280
H =Bk 5.92 3.00 0.110
R 3.46 2.70 0.100
oAb A LY 10.61 1.20 0.350
FaE 53.41 2.65 0.300
/30N 4.59 5.10 0.075
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Fig.3 Numerical calculation model of shale compression-shear under different bedding angles
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Table 2 Microscopic parameters of particle flow numerical calculation model
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Fig.4 Comparison of partial test load-shear displacement curves with PFC simulation curves
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Table 3 Main parameters of compression-shear test of shale

FEHEMAE/ WAE BRI/ BN/ BEDIME A/
) kN MPa MPa )
0 257.64 35.03 96.87
30 303.11 41.22 114.34
45 274.47 37.32 103.19
60 274.48 37.23 103.20
90 309.04 39.51 116.20 0
120 344.75 46.88 129.63
135 373.44 50.78 140.41
150 348.57 47.22 131.06
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events of shale with shear displacement and its proportion
P ERABRR 100
—— RO
30 PR
L)
&
% o
g 20 &
Fis) ﬂ", i i
& ﬁ :
i’“ i
10
0 diicio b iaalda IO s e )
0 0.2 0.4 0.6 0.65
WAL/ mm
(a) OA BB RAT B MR B G E (b) OA BRYURE
1000 N R AR 100 3
—— KRN E {0
750 F—— WIIRSEE <
¥ S
7 60 &
o i
% 500 F ﬁ‘
[5S 40 4
250
/ﬁ’ 20
”M!mlll HHHH
0 A B A IS0 T | 0
0.65 0.8 1.0 141.45
137/ EvA ﬁ/mm
(c) ABRERFEHFRAUSEE (d) ABBRHEURE
1000 60 toger
bl SIS ; R
—~ R 0
—— SRR ROEE
750 F—— BN E <
§ 40 ﬁ
o i
& oor =
* ®
1 20 ™
250 1
0 3 ! 0
145 1.5 1.6 1.7 1.8
BT /mm

(e) BCEREAFEHRALHE (f) BCERRERE



B R -SRI T R B MRS R BT L e AR AR L [T 5 B R 5 I A, 2025,45(12).

201

1000 100

750 .

Wy B BE

250

YA /mm
(g) CDBERMHEHRAGEE

B8 FARBRMNETEESHMAFERL

Fig.8 The evolution of deformation and fracture characteristics in different fracture stages
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Fig.11 Crack propagation law of shale when bedding angle is 30°
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Fig.12 Crack propagation law of shale when bedding angle is 90°
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Fig.13 Crack propagation law of shale when bedding angle is 120°
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Fig.14 Comparison of fracture morphology obtained by laboratory test and PFC2D simulation
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Fig.15 Compression-shear fracture model of shale
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Fig.16 Crack propagation morphology of shale with different degree of bedding development
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Fig.17 Crack propagation morphology of shale with different bedding strength
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