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Abstract

The bedding structure of shale results in significant anisotropy in its mechanical properties and
strength; accurately assessing this characteristic and selecting appropriate strength criteria are
crucial for the safe and efficient development of shale gas. This study focuses on the Longmaxi
Formation shale in China. Through a systematic review of domestic and international literature,
experimental data from uniaxial/triaxial compression and Brazilian split tests at different bed-
ding angles (0°~90°) were collected and organized. The study clarified the anisotropic variation
patterns and ratio ranges of the shale’s compressive strength, tensile strength, Young’s modulus,
and Poisson’s ratio. Based on the compiled experimental data, the grid search method was em-
ployed to determine the material parameters for compressive strength criteria such as SWP, WPP,
and ML-G, as well as tensile strength criteria including Barron, SPW, N-Z, L-P, and L-A, and to cal-
culate the theoretical strength values at different angles. A multi-dimensional evaluation system
comprising root mean square error (RMSE), coefficient of determination (R2), relative error
(MRE), and maximum error (MaxError) was used to quantitatively assess the applicability of each
strength criterion. The results indicate that the anisotropy ratios for compressive strength in
Longmaxi Shale range from 0.81 to 1.70 (transverse/longitudinal), tensile strength ranges from
0.81 to 3.10, Young’s modulus ranges from 0.79 to 2.47, and Poisson’s ratio ranges from 0.84 to
1.72; The Barron criterion performed best in tensile strength prediction (RMSE = 0.60218, Rz =
0.92770), while the ML-G criterion demonstrated the highest accuracy in compressive strength
prediction (RMSE = 24.19507, R? = 0.90698). These findings are of great significance for accu-
rately understanding the anisotropic characteristics of shale and for analyzing wellbore stability
during shale gas drilling.

Keywords

Shale, Anisotropy, Strength Criteria, Longmaxi Formation

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 51§

B B S TR IR, TUA SR T H R KRR T R 2o E B, i, 2FRIUESR%
PR A 456 x 1012 m?,  (HAEF RN TIRN 50% A4 [1] [2]. FHEPA FE Wi edE, of
KAGR AL 12.85 x 1012 m®, AT KIUE N TR R E R 2 A A EERE L. JUER—MEA
B HETORBE R BT (3], A TUE BA M TUIREGE 2R E, TUS R T RER &)
FPERHIE, QA IREE. WL, PUEMRE . USRI RS . TUS IS HARE R IUA S
BRI AE S P UG RS, BT, B A EE A TUS S A R ERHE T R T ORE AL, HFIR
T MR SRR U . SR, T UUA IR AR R, DU R 0 U U AE SE R N TR
() Je PR, 45 L0 FE I R R M T i — B BRI

] P A1 F DL R P 25 1) SR PRI S O A U AT TR B 7L, RVRF FEis IR . v da LS AH G
SR T TUE I BAPE S ) e o /7 SO [A1E B — RAVE WAL SLES . A A BELSLIR R 7t 1 KX

DOI: 10.12677/me.2026.143066 649 il TR


https://doi.org/10.12677/me.2026.143066
http://creativecommons.org/licenses/by/4.0/

ik 4

UUEHZRFE . JEEERFIE . FRPE % [ MR, 45 TUERE R IH — SRR B & m et & ) R S8
TALIEE K AR ANUR & B S & M RS EE R . W SCRV S TR & M R A E R, B
SAVEFRAR AT TUAE RN 3 o0 A, I B 73 %} P AR 5 1) e M PR s M v T VA LG & T e ks AH
[ % 161 e P LU 2 23 AT T ASARABL, F PR ASE B 5 YA b % ) S e LG H8 9300 S J 8279 A8 A0, PR S A S o
2012 4F, FAEZE[6]N T M E SN ER A B SN ESIRALL, (80T AR EUf TUA 25 FF (0 54 R 45 5
IO AN PSS, AR LB AS R S S ) R N T B 1 & R R . 2013 4F, IREESE(7)F
B LSS IUA AT 1% ) S e S LR | AR T WERRRAE, Y5 DU T AR S B AN [ JE A 7 TRl HGES,
AT AR RS . =R R4

TE DU 58 B 4 1) S PR AE S A A 7 T, [ A2 i T KRBT . M MG AE (8] T EL g B%
ZR 50 %] UL T P AN PR AR X & 1) S e AT TR AT, AN [R]JE BT 1) ) T S T B P B SRR I R Ok
SRR, N DU B PUR 5 R R AR TV 2 B 2 BRAUAR B T A AR AT, RO T DU RO A T
143 A FUAEEFN 43 T 4 5O AE 5 2 3807 16] 1R 96 B2 o 2012 4F, Jung-Woo 25919 T #FF 55 A~ [ BURE A B T 4 T
FHT RS ) S, R T B R 4 A0 L P B RS . 2015 4, BRARIFAE[10] LA SR R AR TUE AR AL
PG, HHAT T BB A R AR, R IR R B FIMURE BB R S T 5 i ) e ) R
BHlo 2015 4F, HIMEE[ 11N 52K TUE SUIX HLfit 2 00 & ) VR, JF IR T 0 IR DA 1 sl Al =
By FRAERES, AT T IR L R R A AR S e R, R R T FLRIR L ) 1 R
2016 4F, Geng %[ 1213 i A~ [R] HURE A1 B R 108 D3R 40 U0 FE S IO IE P, BF 90 17 DU g v &% 1) S« 2017
HE, BORIEEE 3R 7 T 2 00 B 2R B0 A0 Bl . = Al S 4R 06, 0T T T B B B B A S SR
WHIT T 2R TUE % 1) S Ve 7 2R 1, PR XS B IR BE IR 1t B8 ) KoK ) e 2446 0 i TR he i
RZ% .

ERRE RN T, ERNACEIE S ESEE . 1900 45, Mohr-Coulomb 2 H 7 Mohr-Coulomb 5%
FiE[14]. 1992 &, Hoek-Brown 7F K& 15 H 3L Atk L, £1%F Mohr-Coulomb # & H 1A A 851
BRIR A BRe, 42 H 1) Hoek-Brown Z856G 38 BEUE N[ 15]. 1979 4, Jaeger [16]42 H (1) #— 55 i 5 B iU . 1993
£, Ramamurthy 25 A2 10— AN ARLRVESREE kN[ 17155 T PUESREEAENI 41, — 282800 T T 4% 18 ik
PohismEEN], itn, Barron MENI. SPW #EN|. N-Z #EN|. L-P . L-A #ENZE, @ 5Us 08 44k
FIZFEME,  BA A AE SR R S AR E — 58 BRI PR

AR I B A TUE NI AR B, RGUTT TR TUA & i) 5 PR AE B 58 B vf D)3 PR VPRt 7
T el SCER R BSOS e TR U V12 SEI B, A HeBUR R . PUhimpE . M IREEE s LS
Kb 2 R A AR, R & e ek PO AR B L RO B A 4% 1) S M 0 s 5 PR AT 70 it 8 o U
K RS AR R 500 8 S UEN MR S5, BRI E IRIRZE . e R MXHRZE MR KR ES L Y
FEVEMT FRARAA FR, S BN b o A 5 5 R U ) FOOIUAS 52, A 9T RCR T R DU R IR R e M A
I8 7335 B B oK 1 2R BT SR R E S S

2. EEREREAREFHES

I RGP I IR A TUS D) 000 AE , SRR RS . = R 4R B SRS, SRV
A JZER A BE(0, 157, 30°,45°,60°, 75°,90°) FIICHE #2480, /AT & m m HEARRAE . BARW 1 Bk, A
T ERRZ BT R TUS & ) R YERES L, 8 IR E RS 0% 1 5 0UE IR BE I I e/, 18
U PO 58 B AN TR s B M, AR R B aan & 1 FIE 2 BRI BIRTUS TS5
5 1) S PR AR YR T LA ZE AL ) 58 ) o A REAE, LR BRI R L ISUZ . AU S S NI A R
FRTRIHESIA B P 3), W9 rtE S 2R B R B HI 22 0 7 S SR, SO 45 A O A

DOI: 10.12677/me.2026.143066 650 ol TAE


https://doi.org/10.12677/me.2026.143066

G| SR

AEXT 2% S B R TT 2347 -

Figure 1. Schematic diagram of a core sample used for compressive strength testing at different bedding angles
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Figure 2. Schematic diagram of a core sample used for tensile strength testing at different bedding angles
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Figure 3. Schematic diagram of the microstructure of the Longmaxi Shale [18]
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Table 1. Variation of rock parameters with angle

* 1. ARESHUMEAEZHHRN

1B ik SEER
0 15° 30° 45° 60° 75°
102.50 / / 19.90 / / 104.90 [19]
118.43 / 105.92 / 5421 / 118.07 [11]
121.64 / 96.81 / 22.98 / 124.26
112.81 / 108.76 / 60.68 / 118.48 [20]
120.83 / 112.19 / 46.71 / 112.01
109.35 / 95.71 / 47.79 / 177.92 [21]
[ & 0 MPa
14251 106.79 87.95 7041 3923  80.16 117.83 [22]
125.95 / 10730 89.94  78.06 / 118.68
122.87 / 105.65 9233 76.51 / 123.59 2
6430 6020 58.60 23.60 1820 24.00  65.20 [24]
PR E/MPa 118.45 144.80 126.05 11651 8562 116.83 127.17
118.93 136.07 12556 109.72 80.77 10228 116.51 2
174.03 / 149.13 / 110.84 / 211.59 [11]
161.95 / 137.79 / 113.25 / 190.78 [21]
Fil & 20 MPa
201.62 204.87 19643 89.90 132.12 184.09 249.69 [22]
156.70  152.00 14320 9820  80.10 11020 160.30 [24]
201.26 280.87 239.95 17824 209.42 273.08 323.74 [22]
Fil & 40 MPa
25540 24870 238.80 170.50 144.60 17540  265.4 [24]
32439 33998 290.61 261.38 286.07 352.32 333.49 [22]
Bl 60 MPa  290.63 27479 261.37 249.40 24520 26622 292.57
276.57 27576 250.70 247.46 24035 26622 287.24 2
5.24 6.28 7.62 9.61 1056 11.89  11.83
5.25 5.51 6.15 7.42 931 1112 11.83
527 5.51 6.37 803 1040 11.56  11.85
5.26 5.53 6.58 8.67 1131 11.78 11.84 2l
5.25 5.56 6.66 9.08  11.68 11.81 1185
5.25 5.58 6.75 937  11.81 11.86 11.86
Pihi %/ MPa 3.47 3.26 2.75 6.99 8.01 9.47 1030
3.92 3.04 295 6.63 9.03 9.30 9.29 [27]
3.05 3.39 3.20 5.54 8.75 9.13 9.12
5.10 / 6.48 6.92 7.09 / 5.92
4.69 / 5.84 6.49 6.70 / 5.80
[28]
4.28 / 5.46 6.02 6.24 / 5.45
5.92 / 7.08 6.92 6.49 / 5.09
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14.20 / / 21.31 / / 22.90 [19]
2291 / 24.61 / 28.85 / 42.94
14.09 / 16.68 / 21.72 / 2491
[11]
22.77 / 24.67 / 32.42 / 52.51
e 24.04 / 26.29 / 37.88 / 56.45
¥ K58 /GPa
14.06 / 16.38 / 21.10 / 24.98 [20]
14.52 / 15.73 / 19.75 / 23.19
19.61 / 25.13 / 35.66 / 46.42
(21]
17.46 / 22.97 / 27.28 / 35.38
18.82 / 24.27 / 31.58 / 43.40
0.28 / / 0.21 / / 0.36 [19]
0.37 / 0.30 / 0.24 / 0.32
0.33 / 0.28 / 0.35 / 0.38
[11]
0.26 / 0.27 / 0.32 / 0.42
0.26 / 0.27 / 0.35 / 0.42
0.37 / 0.33 / 0.27 / 0.32 [20]
HEL/NE A/ x| 0.16 0.19 0.16 0.17 0.20 0.23 0.26 [26]
0.19 0.26 0.19 0.24 0.20 0.14 0.21
[29]
0.22 0.30 0.12 0.14 0.15 0.15 0.38
0.21 0.32 0.36 0.40 0.33 0.29 0.25
0.40 0.42 0.43 0.49 0.45 0.42 0.41
[22]
0.37 0.39 0.42 0.46 0.43 0.40 0.38
0.27 0.35 0.40 0.43 0.36 0.33 0.30
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Figure 4. Variation of compressive strength with respect to the
angle of bedding
4. MEBEBAERERATHANE
DOI: 10.12677/me.2026.143066 653 Wi TR


https://doi.org/10.12677/me.2026.143066

ik 4

B 5 AT, AAS L BE B R A 1 OR R AR R B ANRHE, 1E 157, 45° 2 90° LT il E (P34843 5l
214 0.3191 0.318 % 0.340), T 75°4bF%Z 5/ ME(Z) 0.281) Z M5 B IR TUE O LA K152 S8 T4
FE LA O 2 Imak 77 1) 5 2 BRIV 5] S8 A 15°.45° 2 90° I, 2 BE 55 T 76 3 J17E I R K AR R 804 5,
BEAR T XA A AR T L RAE T, BA VLR SUZ RIIBYEAS T — D TOR T BRI AR, Ry G T s
o 90° B EHLTH N IR BN 5 T, B AR TR AR T i, TR LA B ECRAE . WITE 00 30° K 75°H, 2
(IR M e, AR RS TR A R 2, FAZ A B N ALBR By R 2 200, A ) AR IR, BRI v
LU R B RRAR, 75° M2 R B o, YA bHk B e /IME

AN

T T T T T
0° 15° 30° 145° 60° 75° 90°
NGl ST
Figure 5. Variation of the Poisson’s ratio with respect to differ-

ent bedding angles
B 5. At BET R R E R AT

THFAEL

&

w

S
T

K 6 mTH1, ¥ RAEREEHE I Mg S 3, £E 907k R K{E 37.308 GPa, ¢ 0°fx/MH 18.248
GPa 714 104.4%. FETFHEHE, TR SEEEHY KEE S m R EERN 2.05. FiRERH: kT
TRV PSS TAT N B BRI P 45 1) S P AR A S P 87 KN - im0 1) 5 J 2 B T VR TR PRI T L O R

40

35

I

]
=
4
27 /
3

15 T T g T T T T T T T T
0° 15° 30° 45° . 60° 75° 90
NG

Figure 6. Variation of Young’s modulus with respect to differ-
ent stratification angles

E 6. mRREBTEIRERATUNE

DOI: 10.12677/me.2026.143066 654 ol TAE


https://doi.org/10.12677/me.2026.143066

iz &

HIPS 7 AT, PUrsm FERE R e 0 K 200 “ et E e AR R AR LRFE . 7 0°~75° X[, Hidi
56 B S A G KT Z AT R, T 75 MDA AR BEJRAE 75°~00° X [A] BTG N B 2R (LA AT AN
RO JR LS JZ BRI 52 J PRSP 5 R 1) ELPUBE RIS, A O A 3 BTN AT 17 (4
1o HRBERMBONE0°~30), FELFEE RN AT, RS T B RO, FmRhiss
SREZAR, o TRAKITBIR, SRR AC. ME MG RE 45°~75°, REESHN AT AR,
JR A R 5, SRR BRI, T 7S IR B A . 2) IR 757 907, R
TPAT TN ), SR RN AT TE EAR TR . RS, T UUA R MRS, R
JEBRIE R AR, R RS

N T ICA IR AR L PIsKeRSE . PURSRESESHA M AR, JRIAHCE OEAF
FRE N iR KA S iR ME, DU BLR BRI AP AT SR BRI N ) SCI 25 2R, I8 F RO 8 LA 1) S P e P
bRiE, R ITCIEIR TUA S O 9 B (25 R e R AE . 1 8 feom 1 e IR IUA - TAT R B 5 R H)R

11 °

10 /\
*]

o 91 @

S /

® 8-

s} IS

ia

=

N

A\

4 T T T T T T T T T T T T T
0° 15° 30° 45° 60° 75° 90°

LVENY::) VA

Figure 7. Variation of tensile strength with respect to the angle
of the strata
E 7. AR EREANE R R AT E

350 6,90°=1. 06,0°
6,90°=1.706,0° .* > 2
300
* L)
~ °
& 250 >
= ° ‘0 .-+ 6,90°=0.815,0°
[ 4
1 200 ~ .
HH
i3 v L 2
=l B RS, 2015
42150 7 o %, 2015
. B A B, 2018
o g v RS, 2018
S 100 7 & TS, 2017
<4 Guo et,al. 2024
» Wuetal, 2016
50 7 ® Maetal, 2021
0 T T T T T T T
0 50 100 150 200 250 300 350

0° PiEME (MPa)

Figure 8. Ratio of horizontal to vertical bedding planes in com-

pressive strength and the range of this ratio

8. MEBEKTERESEEREMNLERLEEE

DOI: 10.12677/me.2026.143066

655

Bl AT


https://doi.org/10.12677/me.2026.143066

ik 4

PRI LA S A . 25T RAVUERMSLIREER ST, RRTUEPUERE R TR S EE
FEELHAEAT 0.81~1.70 2 [0], RKEAFIEAF EHE N YRR R EZR . BRI T B X A
I Bl 2% Ao s FE R AR, 5 R R TUA S OW LR BRI AR DG, g L &= AL
FURAEIRES AR K B 2 R, B2 SBUZ IR 4508 5 R 22 NI EE AR AL .

9 BILT IR VA AT B 5 1 BE T 1 o L S AR va e . ARYE ANl 9w,
P om B P47 2 H S 1 B2 PR LUV 0.81~3.10, e KHUMERE 3.10, KE Bl s tb g KT 1
OKF 2 B5R B & T ) JZ B, Ha7s J2 3 55 T 2E v S AR B R R 5 ORI Bk A% o BLh s FEXT 2 3T
IF1) (14 vy R R M TR B 1 2 B 5 T 4 o) DU R IR ) R R 5

10 2T SR T AT Z LT 5 1 B2 B R b b R Hor A el ARSE & 10 ] %0,
TR LE & e I LA 20 A T 0.84~1.72 X ), KE /- EdE AlLE R T 1 OKPEZHRE S TREZH). 1
B U AR 7K 77 10 B [ AR T (R ) IR i ) L 3 L7 1 B 25

14
Tgge =3. 10T Toge =1. 0Tge
12 4 S e
-
& 10 -
& S - Tepe =0. 81Ty
o .
o
1“5
5 64 AA
s 4 a
& 4 = EMSYE, 2016
o IRFELE, 2020
A Guo et al, 2022
94
0 < T T T T T T T
0 2 4 6 8 10 12 14

0° HLRIRE (MPa)

Figure 9. Ratio of tensile strength between horizontal and ver-
tical strata, and the range of this ratio

9. AEEKTERESEEREMNLERLEEE

0.6
0.5 Vgo- =1.72V0»“/ Vgoe =1. 0vgo
-
" ) .
I§ 0.4 5
i 6 .
}5 . Vg =0.84v,.
.31 a <
;'ﬁ 0.3 2
7T 0.2 )2
o .
o .
@ B K%, 2015 @ 6 JIE, 2015
A RIS, 2018w DRFS, 2020
0.1+ @ Gaoetal, 2024 <« Wuetal, 2016
0. 0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

0° JRAtL (FTBEHD

Figure 10. Ratio of Poisson’s ratio between horizontal and ver-

tical bedding planes, and the range of this ratio

& 10. ALK FRES EEREMLER LEEE

DOI: 10.12677/me.2026.143066

656

Bl AT


https://doi.org/10.12677/me.2026.143066

iz &

B R BT e SR UG TAT T2 B 5 o T2 L P A PR LA A L o3 A Bl AR A 1] 11 T,
Py IR AR O 0.79~2.47, AR RIS A EUE KT 1 OKP RIS S TR EZ ). %L
B AT RS 1 IRBEAE I A 907 (P47 2 BEINA) i % 2 20t B v FX) T E i 1

55 ',"' o
Egge=2. 47Eg. - ® Egg=1. Oy
50 - o
H >

~ 57 ‘o o >P
S 0] :
A, 40
e . <
~ .

35 R
I 4 .
§ 30

25 Py =
R » . :

20 A i
g > v

15 7] *

<
10 1 N
)
5
0 T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50 55 60
0° BHIKEIE (GPa)

Figure 11. Ratio of Young’s modulus between horizontal and
vertical strata, and the range of this ratio

11. HRESKFRESEERENLERLETER

3. TUAR A58 R E N E A
3.1. HEFEEEENER

3.1.1. $rhrsa N

TUA I EH S50 T B AR RN 7 17 S RIS 238 AR 5 5 45 1) S MEARFAIE o S HERA R X — 4k
W AP TS TR 1% 345 7025 SR 3 124 3808, SR T 2 R0 1a) S U s FE ME N . Barron [30]
TEDN T F K Hr B T BEAE AR BEA A U o 5 It 2 B T B ) 2 AR 2 R AR Ak, & P TR B s — 4 2
T RIUUR A R 25 1) M SPW HEN H Jaeger [31142H, KA AN & — LS5 THI A 4% 1a) [ M 344, it
BT S5 TN 5 2 DI A I SR e R, R EAR A A & 1 e P A e B N-Z [32)4E
WU 51 NS B R 55 T ) 5 U0 1) RO R 5 00, R B8 b e Bl 5 S5 5 % ) S PR A R AT AT s
L-P [33 ]9k DU TR0 &% ) (R 1A 8, @ ok B T XA SRR pR A, 3 FH TR 5 4 B RS T DU Iz
R LA [34]0E N5 8 2 B IR RS P 5 e G 8, 51 N AR MEAS 1 I LA IR 553 T 1403 1t 4 ik
F o FIRAEN > A AR BN LS H R, L T EEE A 5P 2 A B R . FATGEI L Ff
ST 1) % 1) S VTR 5 P U PP O PE Je R A TR G M, SN Bk R e 2 o

Table 2. Tensile strength guidelines
= 2. MBSREEN

HET AR
2T,
cos f; (1+cos B ) ==L
Bamon #I1(5,)= = vapsg T
14082, +4/2(1+cos2p,)
];7 *
. 0C<B <p
SPW HEN T(ﬂb) = cos’ B, ' ' B =cos™ I,
Tm ﬂl’: Sﬂb Sgoc b Tm

DOI: 10.12677/me.2026.143066 657 ol TAE


https://doi.org/10.12677/me.2026.143066

ik 4

Bk
T T,
Z AN I(h)= "
N-Z #E (8,) T,sin> B, + T, cos® f3,
) T +1, T -T,
L-P JEN T(8,)= ’"2 b_m bcos2p,
. I,
L-A #EN] T(B,)=1,+(T,~T,)sin" 8~ T,

3.1.2. fuESEREAEN
SRR EEHENI AL, TUA AT B4 TR BIISRAT 9 R 52 J2= BT H ) 5225 R o ARSI =2RA0ER
PEFUSSEEEAEN]: SWP HEN]. WPP #EI & ML-G #EI. SWP NI Jaeger [31152H, Kia At —41&
BeggIi A RIS, 8 LB S8 T BT VI B A A AR B DIRA 1 i BN 5 95 s WPP HE
Fjeer [3515521E SWP #EMIARETIR, SIASS I P& R R ZHCRAE S 1 ANESNE R RN, ML-G
MM McLamore A1 Gray [36]3& A28 N5 /1 BReHE H, SRA 0 BEeR BRI 58 1 5 P BB 2 A Bl n 2877 1)
HRESARE . ASCR I MRAL ZRIEHE SHEM B AR S H, IR T ZYEEPPIRIR AR, PP e iR
DU AN R 2B A 7 B s 2% P 0 2 S B R S A T . - HE N ) AR RIE A an e 3 o
Table 3. Compressive strength guidelines
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Figure 12. Optimization results from the SWP heuristic grid search
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Table 4. Parameters for compressive strength criteria
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Figure 13. Comparison of compressive strength results under different bedding angles using various compressive strength
criteria
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Figure 14. Comparison of tensile strength results under different
bedding angles using various tensile strength criteria
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