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Abstract The existence of bedding planes cracks and other structural planes is the precondition of stimulated
reservoir volume of shale formations. In order to analyze the effect of bedding planes on propagation of hydraulic
fractures in shale formations three-point bending tests of notched cylindrical specimens with different bedding
orientations were carried out based on the distribution of stress field around a crack tip of anisotropic materials.
The mechanisms of anisotropic failure were revealed through the analysis of the anisotropy of Mode-I fracture
toughness. The important role of bedding planes in the formation of fracture network was discussed according to
the extension of hydraulic fractures in shale formations under true triaxial stress conditions. The results show that
the stress and displacement fields around a crack tip of anisotropic materials depend not only on the stress intensity
factor but also on the elastic constants. The notable anisotropy of Mode-I fracture toughness of shale is observed

with the fracture toughness to be the largest when the pre-crack is crack-arrester orientated and to be the lowest
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when the pre-crack was crack-splitter orientated. The cracking of weak bedding planes and the deflection of
fracture path were found to be the main mechanisms led to the strong anisotropy of Mode-I fracture toughness of
shale. Bedding planes are weak in preventing crack propagation due to smaller fracture toughness induced by weak
cementation while the matrix is strong in preventing crack propagation due to much larger fracture toughness.
Branching and re-orientation of hydraulic fractures in bedding planes and then interconnecting with natural
fractures or bedding planes are found to be the main mechanisms of the formation of fracture network when the
fractures extending perpendicular to the bedding planes.
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0 @
1 X 2a
[16]
o find s (14,
V2w A=Ay, v
K“ Re 1 (£ ) 2 j
V2mr A=H\yv, v
Gy KI Re|: ! (i—ﬁj}-f—
(1a) 2 [ A=A\v, v

3)
Rl LJ
¥, '//1:|

K o] 44 (1 1
T, = R _
(1b) ? \/% e|:ﬂ'1 _ﬂz ['/’1 ¥, J:|+

.\})

. Re{ /%i (hp,ys —lzplva)}

ﬂ-z (p2V/2 - p1l//1):|
4

.\})

Re|:ﬂ1 i (Aq%l//z - /?’qul/ll):| +

/11 _/12 (%‘//2 _Q1l//1):|
)

r 92 [ ! .

pi=and +a, —a A (i=1 2)
o
q;, =aps + —ly

(i=12) ©)

i

W, =4cosf@+Asind (i=1 2)



* 231

34 2
Re K, I (21]

(MPa -m'?) K I
(MPa - m'?) r

C ) 4 4

2 M
a, x-A-y
a 17

al, =a, cos* p+(2a, +a,)sin’ pcos’ g+ a,, sin* ¢
(6a)

a, =a, sin* p+(2a,, +a)sin’ pcos’ @+ a,, cos* ¢
(6b)
al, =a, +(a, +a, —2a, —a)sin’ pcos’ ¢  (6¢c)
al, = a, +4a, +a, —2a, —ay)sin’ pcos’ @ (6d)

al, =[a, cos’ p—a,,sin’ p—

(2a,, + ay)cos(2¢) / 2]sin(2¢p) (6e)

r < 2 2
a,, =[a, sin” ¢ —a,,cos” @+

(2a,, + ay ) cos(2¢) / 2]sin(2¢p) (61)
[18]
a it +Qay, +ag )i’ +a, =0 (7
(1] @) 2
VT (k=1 2)
Aoy 1)
A = M, COS@+ s%ngo ®)
CosQ — 4, sing
3)
o
[19-20]
(
)
30< 60

I
11
I
3
3) p=0= 90= 1
1 2
1 2
31
2
2(a) (b)
crack-arrester  crack-divider!?*
2
crack-arrester
crack-
divider 2(c)

crack-splitter??]

(a) crack-arrester (b) crack-divider

A e A |
[
I

! ! 1 ! 1 1 1
1 ! ! ] ! I !
| 1 1 1 1 1 ]
1 1 1 1 1 ] 1
\ \ 1 1 1 1 \
\ \ \ \ \ \ \
S L N | | AU W

(c) crack-splitter
2
Fig.2 Crack orientations with respect to bedding planes in
straight notched three-point bend specimens



232 2015
u 0.5 4 45705
12.75| — 1+19.65| —
a D D
NS~ 0.25 (10)
D a
1-=
D
a D Sy 2
160 mm
Pmax
50 mm 200 ) crack-arrester  crack-divider
240 mm 17 20 crack-splitter 1
mm 2 4 mm
1
3 15 Table 1 Test results of fracture toughness of shale
MTS 815 Flex Test / /
ar D/mm a/mm Jmm Prax/kN (MPa-m'?) (MPa - m'?)
5058 18.6 270 1.807 1202
3 5091 22,78 272 1393 1.165
( 0.001 mm) crack- 5030 1842 280 1680  1.128 1.146
arrester
0.03 5101 1610 276 2032  1.148
mm/min 50.86 18.80 3.00 1.650  1.088
5108 1990 272 1437  0.993
4990 1950 294 1236  0.909
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Fig.4 Typical failure patterns after fracture of notched shale

specimens with different bedding orientations
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Fig.5 Diagram of the positions and orientations of borehole

bedding planes and in-situ stress of hydraulic fracturing
test of shale
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