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Figure 1 (Color online) SEM photomicrograph of longmaxi shale.
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Figure 2 (Color online) Pore size distribution of longmaxi shale deter-
mined from MIP.
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(Color online) T, relaxation distribution of longmaxi shale determined from NMR.
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Figure 4 (Color online) Techniques for sample preparation.
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Table 1  Failure modes of shale with different inclination angles under different confining pressure
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Figure 5 (Color online) Relationship of deviator stress vs axial strain, lateral strain, volume strain.

TR, 6 5 AP 22 1) AR REL F) N 1) PAY PR £ A T A
JHY, 4% Xk R i S B 67 58 A s e A A T )
TECER POl AL, H R BESRG B U E E £
T BB VR BY D) T % 1) BE SR 9 5E, BB AR 9
Xt b P S AN R [ D05 i 2 77 -3 [ 82 4% il 2 )
K1, 240w 521K T 100 MPaltf | TUE (42 1] B2 48 1A

2 | S AMF RS2, B I B A AS [RBTA ) DA E
AN T S AR P A2 728 £ 3 A R e i 220 K
FHTE, FLAR: A AR B 5 25 /) il i) AR, 8 W 2 77 8¢
IR, DA 5 B A i 0 1) e 2 AR T, TS A2 i 5
BN, BEAE ST IZ 8 R 5 A X A
AR A 7] 2 T B 1 FH S8 . B0, A (R0 0 2 70 K F T, e

114611-5



RAEE. PE R MBS Ty RO

20174 ZE47%H 11

T Bl A AU I IR T P 0 7 A SRR B ) B 08 59,
A2 AL OK, 500 E S A A AL 7
JEAERE, B A AR T 60°1, DA B 4% 1] 22 T Bl 45 4
1IN D, AEABTA K T60° 5, HoAR A AR Bl
A B A 1IN T 2R R, SOy A, 5 BUE R 4
FE AR ARL. LA = B 2, BRO=60°F16=75°
1 T A W I AR B (AR 2 i L4
AN, H AR B TUA BB A P B RS F S, H
JUSP-AS 52 [l B2 53— T3 18D, A [R5 o e
{H 93 5 5 Bl IS AT R B R I 2 ok &R, RIVBE 5 T I
I8 0, DU R VA (i 9 R K B S R P i, FATT AT BL
WA FMBUA TUS £E— € R L AT IR R BUIR M S A
R B O - P HE U 85 5 Bl 6 T SR, AR [ A6 7 O Y Ui
1B N2 AZ 8 B B R B R LR, [ 60 MPaltf
TUE IR VAR A8 K 240 L 10 MPalt 38 11 2560%. 17 4H 7]
P T, D R U L i 5 o 05 4 1) 2 Ak ML 5 D it
FERIAA, US4, HAEO=60° M 3 ik B 5 I

32 MAHIEERESHMEE

T A AN () ] 1T ) e 58 32 (b 2 7) 5 56 P Ao
B B A B AL DL 2 B B TS TR, T (Y
588 JEE 5 L P R e A L A1 P A7 R I D 1 2% 1)
SeVERRAL, H 355 5l s 4 ) 22 AL AU AR ABL. A )
A T PO Ve {5 P2 5 9 P A 6 25 B A L T v
BHTHN, 5 H K A A AL BB 7R, [
— AR R, UA 1 VA 55 P B 16T A 1) 38 2 58 Ok
NERER S, RECRURL G, HAEO=60° T i

18
i
16 X % <
14 X X
g th
o= A E B ot
X 12 rs X X
< d o A q o o
s 1.0 6 ¥ g ﬁ
208 o a 8
5 i
Q06 L
0.4
oo | ©10MPa  A30MPa  C45MPa  x60MPa
0.0 I I I I I !
15 30 45 60 75 90

Inclination angle 6 (°)

B 6 (W& RoRs D) A R e iR TS 7E AN [F) A
T R U6 AR

Figure 6 (Color online) Peak strain of longmaxi shale with different
inclination angles under different confining pressure.
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Figure 7 (Color online) Peak strength of longmaxi shale with different
inclination angles under different confining pressure.
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Figure 8 (Color online) Young’s Modulus of longmaxi shale with dif-
ferent inclination angles under different confining pressure.
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Figure 9 (Color online) Dilatation volume strain of longmaxi shale for
various confining pressure.
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Figure 13 (Color online) Forth-stage deformation of longmaxi shale
under deviator stress.
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Table 2 Comparison of mechanical properties between longmaxi shale and other shale reservoirs

G X BIRAE R WA W REBYE H@:M‘ﬁ RN WEEB () BEISHRERE S
(GPa) (MPa) (%) R (%) B, (MPa)
e 5% 17.9-350  81.64291.57 0.50-1.74  0.28-0.53  0.55-0.85 33.64-46.85 28.63-32.70  1.16-1.36 -
Tournemire 840 20-110 #0.7-3.0  0.22-0.78 - - - 1.5 [9,21]
Colorado 2.1-39.9 5-20 0.55-1.0 0.1-0.4 - - 28.8 1.70-2.19  [10,32,33]
Norwegian Sea 9-11 8-105 #70.6-3 - - 16.24 17.20 - [11]
Barnett 39-72 160-220 1.00 - 0.4-0.85 - - - [14,30,31]
Woodford ~ 9.25-23.47  43.50-124  #£]1.8-32 - - 12.51 14 - [29]

JH 3 A B i R U B % ) R ¢, T AR 3
5% 17 5 P B RT LA DN DA 25 170 5 PR AR B B2k 28

4.5 TEMXTUENHFFFERNXTEE

T Hy B U 5 A X TUS (4% 30077 2 5 400
PUY g i e 2 IRl TR U 1A R A
AR 93 254 T HAB B X T8 22 18], H e SR 0Us
{1 Ve L 7 A RO SRR, LG A 4 B e, A At
DX U R B B B A e VAR AE, AR T K 0 3R
AREIRE. 53— 7518, Je S8 TG 1% 1 57k A
T A X TUA AR, JCHAZ 24 o i 60 MPaja,
B 1R S 1 E CLIR A 11 6( LA M R R i ), PRI T
FETHI [7] 1) T A 2 P Ak 2 7 g 7K P i 60 MPa Ji5,
FAE — 8 P b 2 ey PR D 5] R ) % 1) S ) 2
RFAE, BEI AU 2= K25 17 7 2k 0 22 R A 2 2 0
IR B g5 IR S D R IE . TSR TR
{1 Ve 568 P2 AN 6 5R e e, DRI R P 7K 0 s B Ak
il JR AT V5 UG I, A A i X ) DT AT e G 22
o N O RE R

5 Zhig

AR SO ) i X e B R AL iR Sk U R G

S0k

T 2 N W sk 0e, nT LAS B DL N A s 48

() HERETUE & — M ifatEscm . RILBR A
A1, H PR 5020 0.55-0.85, FLEBREE £ 4.7%—5.2%,
HUgKAEZ.

(2) SZ 3 TR I 2, e IR DUE B —E &
) S PERRAE, L& 1) 1 N 1.16-1.36, 5 A BRI
WL TUA S H I T A A L 1 e R ES, B TR
1) SRR AR AR AN 2 35 (AT B AR 15 5 U % 1) [
BB RRAE.

(3) e R TUA AR TR AL & 2%, il R gtk
Mo B DR R AR AR TR AS B T U A 7 N #E o
ZIIAN BT I B, 25 T B B (M B 71<100 MPa): 11
1 (7] 77 55 )2 5 L o A 1) 446 5 28 1T B Bt (100 MPa <
i B2 <3725 RN ISL )4l SN2 77): il ) o 4 -5 v DUBR TR
B3, H 0T T A 30 A8 T HE T 0 o0 il ) R 4, I
AN [RIEL AR DU B 25 U ] 28 TR B (7 28 st
JSE 1) i oL 77 <Al B2 g <V B 5 5 ): DT 32 LY U B T
B30 S IV B (AR R ), TUsAE RN /R FH R TR R
% W BY PITTH] F K AE 98 R IR I 1 B R

@) R TUAAE— B R EAISR R IR NI A
F4) JBE IR - P2 A v ), G 7 R ) 5 2 1 P R A 5 T
B A — U303, (HEE T ) 2 e i, 55 2 1
R ITLI NI TR T1.8%.

1 Zhang H X. Shale gas: New bright point of the exploitation of the global oil-gas resources—the present status and key problems of the exploitation
of shale gas (in Chinese). Bull Chin Acad Sci, 2010, 25: 406-410 [7K 5 #l. TUA S 2 BRI ZIRIF R B HT =08 —— R E TUA ST R 1

PR G Bk ) 1. o B BL 2 B B 1, 2010, 25: 406-410]

2 Gensterblum Y, Ghanizadeh A, Cuss R J, et al. Gas transport and storage capacity in shale gas reservoirs—A review. Part A: Transport processes.

114611-10



FIREE. PEBLY: MBS D)% ROCE: 20174F 476 H 11

21

22

23

24

25

26

27

28
29

J Unconventional Oil Gas Resources, 2015, 12: 87122

Yao J, Sun H, Huang Z Q, et al. Key mechanical problems in the developmentof shale gas reservoirs (in Chinese). Sci Sin-Phys Mech Astron,
2013, 43: 1527-1547 [Bh%E, F0E, SOWI55, &5, TUSSROT A h IS8 2 1. v B2 W2 )5 ROCEE, 2013, 43: 15271547
Warlick D. Gas shale and CBM development in North America. Oil Gas Financial J, 2006, 3: 1-5

Wang J, Xie L, Xie H, et al. Effect of layer orientation on acoustic emission characteristics of anisotropic shale in Brazilian tests. J Nat Gas Sci
Eng, 2016, 36: 1120-1129

Gao Q, Hu J, Tao J, et al. Experimental characterization of the anisotropic behaviors of shale rock. In: Proceedings of Geo-Congress 2014
Technical Papers: Geo-characterization and modeling for sustainability. Reston: American Society of Civil Engineers, 2014. 563-571

Matzar L A, Gamwell C G. Understanding shale failure from laboratory analysis to field operations. In: Proceedings of 47th US rock mechan-
ics/geomechanics symposium. Houston: American Rock Mechanics Association, 2013

Sone H, Zoback M D. Mechanical properties of shale-gas reservoir rocks—Part 1: Static and dynamic elastic properties and anisotropy.
Geophysics, 2013, 78: D381-D392

Masri M, Sibai M, Shao J F, et al. Experimental investigation of the effect of temperature on the mechanical behavior of Tournemire shale. Int J
Rock Mech Mining Sci, 2014, 70: 185-191

Mohamadi M, Wan R G. Strength and post-peak response of Colorado shale at high pressure and temperature. Int J Rock Mech Mining Sci, 2016,
84: 34-46

Josh M, Esteban L, Delle Piane C, et al. Laboratory characterisation of shale properties. J Pet Sci Eng, 2012, 88-89: 107-124

Dewhurst D N, Bunger A, Josh M, et al. Mechanics, physics, chemistry and shale rock properties. In: Proceedings of 47th US Rock Mechan-
ics/Geomechanics Symposium. Houston: American Rock Mechanics Association, 2013

Horsrud P, Senstebg E F, Bee R. Mechanical and petrophysical properties of North Sea shales. Int J Rock Mech Mining Sci, 1998, 35: 1009-1020
Rybacki E, Reinicke A, Meier T, et al. What controls the mechanical properties of shale rocks?—Part I: Strength and Young’s modulus. J Pet
Sci Eng, 2015, 135: 702-722

Sone H. Mechanical Properties of Shale Gas Reservoir Rocks, and Its Relation to the In-situ Stress Variation Observed in Shale Gas Reservoirs.
Dissertation for Dcotoral Degree. Palo Alto: Stanford University, 2012

Yang Z P, He B, Xie L Z, et al. Strength and failure modes of shale based on Brazilian test (in Chinese). Rock Soil Mech, 2015, 36: 3447-3455
(P50, fAn, W i, &5, 26 T [ 00 B R0 () DUA 5B B2 5 MR BT 7L, 25 1%, 2015, 36: 3447-3455]

Sierra R, Tran M H, Abousleiman Y N, et al. Woodford Shale mechanical properties and the impacts of lithofacies. In: Proceedings of 44th US
Rock Mechanics Symposium and S5th US-Canada Rock Mechanics Symposium. Houston: American Rock Mechanics Association, 2010

Jia C G, Chen J H, Guo Y T, et al. Research on mechanical behaviors and failure modes of layer shale (in Chinese). Rock Soil Mech, 2013, 34:
57-61 [P 5T, PRAEHE, BENIA, 45, JZRIUE 07 Rt S AUt 72, & 0%, 2013, 34: 57-61]

Lyu Q, Pg R, Long X, et al. Effects of coring directions on the mechanical properties of Chinese shale. Arab J Geosci, 2015, 8: 10289-10299
Fjer E, Nes O M. Strength anisotropy of Mancos shale. In: Proceedings of 47th US Rock Mechanics/Geomechanics Symposium. Houston:
American Rock Mechanics Association, 2013

Niandou H, Shao J F, Henry J P, et al. Laboratory investigation of the mechanical behaviour of Tournemire shale. Int J Rock Mech Mining Sci,
1997, 34: 3-16

Bazant Z P, Salviato M, Chau V T, et al. Why fracking works. J Appl Mech, 2014, 81: 101010

LiuJ T, Liu SL,Li Y J, et al. Geochemistry characteristics and its geological significance of shale in the Ordovician Wufeng Formation and
Silurian Longmaxi Formation, Jiaoshiba area (in Chinese). Pet Geol Recovery Efficiency, 2016, 23: 53-57 [XITL¥%, XIXGE, 2k A, &, A
B X B 22 06 2 — 5 B AR e IR A DU MR SRR AE B M 5 R SC. RO 5 5 R, 2016, 231 53-57)

Xie L Z. Research on Salt Caverns for CO, Sequestration Geotechnical Engineering (in Chinese). Dissertation for Dcotoral Degree. Chengdu:
Sichuan University, 2012 [#§# &. #57CCO 347 (0 HE Rt 72 8240008 50, AR DU 11K 2%, 2012]

Holt R M, Fjer E, Stenebraten J F, et al. Brittleness of shales: Relevance to borehole collapse and hydraulic fracturing. J Pet Sci Eng, 2015, 131:
200-209

Rickman R, Mullen M J, Petre J E, et al. A practical use of shale petrophysics for stimulation design optimization: All shale plays are not clones
of the Barnett Shale. In: Proceedings of SPE Annual Technical Conference and Exhibition. Denver: Society of Petroleum Engineers, 2008
Ismael M A, Imam H F, El-Shayeb Y. A simplified approach to directly consider intact rock anisotropy in Hoek-Brown failure criterion. J Rock
Mech Geotech Eng, 2014, 6: 486492

McLamore R, Gray K E. The mechanical behavior of anisotropic sedimentary rocks. J Eng Indus, 1967, 89: 62-73

Abousleiman Y N, Tran M H, Hoang S, et al. Geomechanics field and laboratory characterization of the Woodford Shale: The next gas play. In:

114611-11


https://doi.org/10.1016/j.juogr.2015.08.001
https://doi.org/10.1360/132013-97
https://doi.org/10.1016/j.jngse.2016.03.046
https://doi.org/10.1016/j.jngse.2016.03.046
https://doi.org/10.1190/geo2013-0050.1
https://doi.org/10.1016/j.ijrmms.2014.05.007
https://doi.org/10.1016/j.ijrmms.2014.05.007
https://doi.org/10.1016/j.ijrmms.2015.12.012
https://doi.org/10.1016/j.petrol.2012.01.023
https://doi.org/10.1016/S0148-9062(98)00162-4
https://doi.org/10.1016/j.petrol.2015.10.028
https://doi.org/10.1016/j.petrol.2015.10.028
https://doi.org/10.1007/s12517-015-1977-2
https://doi.org/10.1016/S1365-1609(97)80029-9
https://doi.org/10.1115/1.4028192
https://doi.org/10.1016/j.petrol.2015.04.006
https://doi.org/10.1016/j.jrmge.2014.06.003
https://doi.org/10.1016/j.jrmge.2014.06.003
https://doi.org/10.1115/1.3610013

FIREE. PEBLY: MBS D)% ROCE: 20174F 476 H 11

30

31

32

33

Proceedings of SPE Annual Technical Conference and Exhibition. Richardson: Society of Petroleum Engineers, 2007

Li Q H, Chen M, Jin Y, et al. Experimental research on failure modes and mechanical behaviors of gas-bearing shale (in Chinese). Chin J Rock
Mech Eng, 2012, 31: 3763-3771 [ £ JRRE, MR, €47, & R 0UE BB B ) 2R W IR B i 7. 6 A 128 5 TR 2R, 2012, 31:
3763-3771]

Kumar V, Sondergeld C H, Rai C S. Nano to macro mechanical characterization of shale. In: Proceedings of SPE Annual Technical Conference
and Exhibition. Richardson: Society of Petroleum Engineers, 2012

Chong K P, Uenishi K, Smith J W, et al. Non-linear three dimensional mechanical characterization of Colorado oil shale. Int J Rock Mech Mining
Sci Geomech Abstr, 1980, 17: 339-347

Gautam R, Wong R C. Transversely isotropic stiffness parameters and their measurement in Colorado shale. Can Geotech J, 2006, 43: 1290-1305

Anisotropic mechanism and characteristics of deformation
and failure of Longmaxi shale

HE Bo'’, XIE LingZhi"”", LI FengXia’, ZHAO Peng"* & ZHANG Yao"*

' Key Laboratory of Energy Engineering Safety and Disaster Mechanics, Sichuan University, Chengdu 610065, China;
* Institute of New Energy and Low-Carbon Technology, Sichuan University, Chengdu 610207, China;
3 Sinopec Petroleum Exploration and Production Research Institute, Beijing 100038, China;
* College of Architecture and Environment, Sichuan University, Chengdu 610065, China

Although spectacular advances in shale gas reservoir stimulation, i.e., hydraulic fracturing, the deformation behavior and
failure mechanism of shale are not understood well enough. The basic reason is that shale contains stratified structure
named bedding plane and its complicated petrophysical properties. The mechanical behavior of shale as the loading
direction is parallel to the bedding plane is significantly different from that as the loading direction is perpendicular to
the bedding plane. This work is devoted to characterization of the Longmaxi shale deformation and failure mechanism
through experiments, from which 4 different deformation stages are obtained and volumetric strain deformation behavior
is analyzed systematically. Then the effects of confinement as well as bedding layer orientation, which is defined as
the angle between the loading direction and normal direction of bedding plane, on the elastic modulus, peak strength,
and cohesion of shale are investigated. The analytical results illustrate that the volumetric strain dilatation is a constant,
which is independent on the confining pressure and bedding layer orientation; its brittleness is high (0.55—0.85, B)) and
porosity is small (4.7%—5.2%). It is also found that the anisotropic degree of shale is better to be described by Young’s
modulus than to be characterized by peak strength. As the confining pressure increases from 0.1 MPa to 60MPa, the
anisotropy degree decreases from 1.36 to 1.16, which declare that the Longmaxi shale belongs to low anisotropy rock
according to the standard introduced by Ismael. These results not only enrich experimental database of shale, but also
provide references for reservoir hydraulic fracturing design. Moreover, these results will help us to further understand
shale laboratory mechanical properties.

shale, mechanical, deformation, anisotropy
PACS: 62.20.F-, 88.05.Ec, 83.60.-a, 91.60.-x
doi: 10.1360/SSPMA2016-00534
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