Mine Engineering % LI T#%, 2026, 14(4), 1114-1127 Hans X
Published Online July 2026 in Hans. https://www.hanspub.org/journal/me
https://doi.org/10.12677/me.2026.144110

BIREWHFEFFE R PFCERIMRER

RFEXL, TER, KX, £ &, F k2

N TR R AR TR B, 10T B
2l s T TR EA R A A, v KR

Weks Hi: 20264F6 H15H; FHER: 20264F7H18H; KA HH: 20264F7H30H

=

FEFETRIRFRBOTRIKBK T ERERRERRENS, RiZREERBRE R ESHRET B
ITRRZ. HBREHR. XBEEARAGR T AANRIEER. BIRE 2R & PFCEERM
BT FLHERR - [B1JB0 T 22 41 MR ME U (BB KA P L7y / AR AE N REEESRAE TN ) R IZRL TR e A 7 v%» 4R
AN FE@ AT, XRESEAREERAR. KR, BETREREFEE. ZHSBHFENR
R, ot TEREE. BE. FEERECEYMER LSRR EREELN. B, ER
T PFCE UL T LA A R M1 AT B R KN RS 5 R BR 4, X Eb 7 A B 2 3 P
®)E, RHAHHRAERREES AFEZEN . 7 eI, AN EENESE T HEER
AR, FRETREBEHALHSHBUERE. HFTRRERRRTT .

XA

BREE, WRotE, &rsdk, PFCEEEM

Advances in the Study of Mechanical
Properties and PFC Simulation of
Layered Rock Masses

Yujie Zhao?, Xinyao Wang?!, Bowen Zhang!, Ying Wang}, Yuan LiZ

1School of Civil and Architectural Engineering, Liaoning University of Technology, Jinzhou Liaoning
2Shanxi Metallurgical Geotechnical Engineering Investigation Co., Ltd., Taiyuan Shanxi

Received: June 15, 2026; accepted: July 18, 2026; published: July 30, 2026

Abstract

The efficient development of unconventional oil and gas resources relies on hydraulic fracturing to
create complex fracture networks. However, the strong anisotropy of layered rock masses leads to
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complex fracture propagation behavior and frequent borehole instability. This paper first system-
atically reviews the research progress on rock fracture toughness theory, the mechanical properties
of layered rock masses, and PFC numerical simulation. Classical fracture criteria (maximum tan-
gential stress/strain criteria, energy-based criteria) and mode I fracture toughness testing methods
are reviewed. It is pointed out that existing criteria are mainly oriented to homogeneous materials
and insufficiently consider bedding anisotropy. Secondly, the dip-angle dependence of strength, de-
formation, and failure modes of layered rock masses is summarized, and key influencing factors
such as rock layer thickness ratio, confining pressure, interface properties, as well as anisotropic
strength criteria are analyzed. Thirdly, the application advantages and limitations of the PFC dis-
crete element method in simulating macro- and micro-mechanical behaviors of rocks are elabo-
rated, and the applicability of different contact models is compared. Finally, the deficiencies in cur-
rent research regarding anisotropic fracture criteria for layered rock masses, directional fracture
toughness testing, and meso-scale cross-layer mechanisms are identified, and future directions are
proposed, including the establishment of numerical models considering the true morphology of
bedding and closed-loop research workflows.
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Figure 1. World oil and gas resource types and remaining technically recoverable resources [8]
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Figure 2. Schematic diagram of fault types [13]
B 2. ErR AR REE(13]

2.1, BRZEN

W 2L HE I 5 A2 A FE R _E TN SO RN 7 7 5 i F 8. B Griffith 52 H BEE - T B [14] Lok, B
FEE LSS AR MIRE BAE A RE AR TR T — R IHEN .

BOK A [ 8 J#EN 1 Erdogan 55 Sih $i2 H1[15] 0 MBS AU A ) )32 1k B i KT 109 e, H
2% 7 17 L 1R TR0 L A3k BURARHIR i FAE N A A R . AR50 MTS #ENIUERE T Williams 8T
frar I, 2 T ARE R I(ED T SRR . T RJJPAT TRETT I, AN I E e 2 X
A SRR . Smith 25 AN[16]5R %R T Ry 51N MTS HEN, $2H 177 X MTS AEI,  RENS B AER
TN 2R A 5 W R R A

DOI: 10.12677/me.2026.144110 1116 ol TAE


https://doi.org/10.12677/me.2026.144110

BFA E

B K J#  ARHE I 2 T WA e S R AR, g W 2R by N O A . Chang [17]52H 138 A 111
JS2FJARZS ) 24 MTSN HEN o 21 JU) 75 A0 P LA L 1 55 AR I 3R i) R LR AL MT'S HE DU FRIAS 2
PR e TRl B e T VA RA EE 20

REREIRAENE 7y — KR E B MR . Sih [18]42 i /D MAL REEE LD T HEMIA Oy,  ZREUENAL
C S AN PN CIE /A AN el R (=i e TR S 3l 2 R A e L TR B W2 B B2
BB . T Koo AT Choy [19]3 HH At s K o 1) 82238 RE B P2 LR7-HED, 0 SR AT 1 777 i ) 2 AR g
S, R REEAIE S5 7 A4S & . Moghaddam [20] )15 A% e 58 1H: DU e e 2 A0 2 v 28 24 B4 07 X P9 AR
3 V35 RS RE S R ST TR, S 1B AR A PRI IR P Nuismer [21] )85 K BE B BRSO HE DU 2
TWRLRE P I BT, VNS REERE R B K I T 9 e, AR NAE 73 SR80 ) R AL 2R
ERONE 2.

SPRE AT HIRAY A bt =R . =GO, REURN IO AT A e, & mRER A
TSRS . X I SRR, Liu 55 A [22]% — 4k MTS #ENY fe 2 =4

TR HE DN S A R R RIPERA R X RAICA A, TR B Dy 951 2 B3 R RN F18 . HAT,
DA DB FE 2200 25 ) S PR W R UE M AT S0 e, fltn: T MTS WIS JZBET 7 17 R BUS IR, 5iAE
RE RN b =5 FE SY THIE 7 IO R REJP G . ARTA, X LS IE 280 B — S5 HARZE I RGEH0 5A R s
BAIE, X ER AR UL BRI B RIE IR 22, 358 1T EL 7 SR W e I 7 IR A b i A A

Table 1. Typical fracture criteria and their applicability evaluation for layered rock masses
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Figure 3. Schematic diagram of fracture toughness testing methods [27]
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Figure 4. Zhangjiatan black shale in the Chang 7 Member, Ordos Basin [29]
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Figure 5. Sandstone-coal interbedded outcrop section [30]
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Figure 6. Uniaxial compressive strength of specimens with different bedding dip angles [33]
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