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Abstract

Shale gas reservoirs are different from conventional ones in terms of their bedding architectures, so their hydraulic fracturing rules are
somewhat different. In this paper, shale hydraulic fracturing tests were carried out by using the triaxial hydraulic fracturing test system to
identify the effects of natural bedding directions on the crack propagation in the process of hydraulic fracturing. Then, the fracture initiation
criterion of hydraulic fracturing was prepared using the extended finite element method. On this basis, a 3D hydraulic fracturing computation
model was established for shale gas reservoirs. And finally, a series of studies were performed about the effects of bedding directions on the
crack propagation created by hydraulic fracturing in shale reservoirs. It is shown that the propagation rules of hydraulically induced fractures in
shale gas reservoirs are jointly controlled by the in-situ stress and the bedding plane architecture and strength, with the bedding direction as the
main factor controlling the crack propagation directions. If the normal tensile stress of bedding surface reaches its tensile strength after the
fracturing, cracks will propagate along the bedding direction, and otherwise vertical to the minimum in-situ stress direction. With the propa-
gating of cracks along bedding surfaces, the included angle between the bedding normal direction and the minimum in-situ stress direction
increases, the fracture initiation and propagation pressures increase and the crack areas decrease. Generally, cracks propagate in the form of non-
plane ellipsoids. With the injection of fracturing fluids, crack areas and total formation filtration increase and crack propagation velocity de-
creases. The test results agree well with the calculated crack propagation rules, which demonstrate the validity of the above-mentioned model.
© 2016 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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According to an IEA bulletin in August 2014, China had
the largest recoverable shale gas reserves around the world,
with technically recoverable resources up to 25.08 x 10'% m?
[1]; however, the exploitation of shale gas in China remained
in its initial stage, and its overall development was hindered
by some technical and geological challenges [2]. Studies on
fracturing rules of conventional reservoirs have made certain
progress [3—6], but shale reservoirs [7—9] have complex
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bedding architectures, making their hydraulically induced
cracks no longer plane ones [10]. Therefore, the hydraulic
fracturing rules of shale gas reservoirs are different from
those of conventional reservoirs, and the bedding direction of
shale reservoirs has direct impacts on the propagation of
hydraulically induced cracks. Available research results
indicate that shale can be hypothesized to be a transverse
isotropic medium [11,12]. Conventional hydraulic fracturing
model assumes that cracks propagate in a predesigned plane.
Alfano et al. [13] employed a cohesion model developed to
study how cracks open along the joint plane. Based on the
energy equation, Almia et al. [14] assumed that cracks
propagated in the predesigned weak plane, and proposed
the hydraulically induced quasi-static crack propagation
variation model. In fact, however, cracks are generally three-
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dimensional, with complex shapes and random propagation
paths. Common algorithms are generally limited in dealing
with the propagation of complex cracks along random paths.
Finite element method allows the cracks to cross the unit
boundary and through the unit, and the complex-shaped
cracks can be calculated in the regular grid without a given
propagation path or redivision of the grid for the crack tips,
which economizes calculation cost. Thus, it is the most
effective method to deal with complex cracks. By rearranging
extended finite element and virtual node freedom, Song et al.
[15] used the superposition of unit and virtual node to
describe the discontinuity. Du Xiuli et al. [16] and Zhang
Qing et al. [17] discussed the application of extended finite
element method and general extended finite element in
dealing with cracks.

The authors selected several shale samples with different
bedding directions for hydraulic fracturing test with the
triaxial hydraulic fracturing test system. Based on the
extended finite element method, the hydraulically induced
fracture initiation criterion and the three-dimensional hy-
draulic fracturing model of shale gas reservoir were estab-
lished to identify how the bedding direction affects the
propagation of hydraulically induced cracks.

1. Hydraulic fracturing tests
1.1. Test schemes

Samples were taken in vertical and parallel bedding planes,
with a size of 5 m X 5 m x 5 m. Before the test, an inde-
pendently developed triaxial loading device was used to apply
hydrostatic pressure on the sealed test-piece to simulate the
formation stress. When the external load stabilized, the ISCO
non-pulse high pressure pump was used to inject high-pressure
liquid to the prepared borehole at a rate of 5 mL/min Table 1
shows the test scheme. Fig. 1 gives the schematic diagram of
the hydraulic fracturing test scheme, and Fig. 2 shows the
shale samples in vertical and parallel bedding planes.

1.2. Test results

Fig. 3 shows the variation of injection pressure along with
time, and Fig. 4 shows the morphology of samples after
fracturing. Accordingly, the following conclusions were
drawn.

1) In Test 1, shale bedding is vertical to the minimum in-
situ stress direction, and the induced cracks propagate along
the bedding plane. As is shown on the fracturing curve, cracks
are initiated at the eighth second and 9.87 MPa. The instan-
taneous initiation pressure declines and then rebounds. With

Table 1
Test schemes.

No. Axial pressure/MPa

1 10 6
2 10 6

Confining pressure Bedding direction

Parallel
Vertical

Injection pressure ~ Confining pressure

@:

ial pressure

coo/ Borchole  Samples

ISCO high-pressure
double pump
Hydraulic pump)

Fig. 1. Schematic diagram of the hydraulic fracturing test system.

b. Bedding vertical to borehole

Fig. 2. Shale samples before hydraulic fracturing.

the propagation of cracks, the injection pressure stabilizes at
6.5—7.0 MPa. At the thirty-second second, factures penetrate
the entire sample, the injection pressure sharply declines, and
liquid outflows from exit end of the sample.
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Fig. 3. Injection pressure vs. time in hydraulic fracturing.



Sun KM. et al. / Natural Gas Industry B 3 (2016) 139—145 141

b. Bedding vertical to borehole

Fig. 4. Shale samples after hydraulic fracturing.

2) In Test 2, shale bedding is parallel to the minimum in-
situ stress direction, and the induced cracks propagate along
the bedding plane. Cracks are initiated at the tenth second and
14.8 MPa. Since the size in the bedding direction is small,
cracks propagate only within a short time, under the pressure
of 11—12 MPa.

2. Hydraulic fracturing model of shale gas reservoirs

2.1. Hydraulically induced fracture initiation model of
shale reservoirs

The extended finite element method which uses the
expansion function makes the discontinuous item included to
describe the interruption, and the description of discontinuous
field entirely isolated from the grid boundary. Thus, cracks
will propagate along the random path. With the extended finite
element method and UDAMINI, a subprogram of ABAQUS,
the fracture initiation criterion was developed, which is suit-
able for cracks that initiate, propagate and convert in the
random path in shale reservoirs. It is expressed as follows:

fo=(0"u) /0"
{}%, — (/! m

where, ¢!, represents the tensile strength of material, Pa; o/
represents the maximum tensile stress, namely, the principal
stress, Pa; of . represents the tensile strength of the material
bedding, Pa; a{, represents the normal tensile stress of the
material bedding, Pa.

Zero is granted in the case of compressive stress, indicating
that no cracking damage occurs at the time of compression, in
other words, the symbol “< >” refers to the negative when it

reaches zero. The initiation parameters f = max{fp, f,}. When
f =1, fracture initiation starts; after that, f,, and f;, correspond
to their respective law of evolution. The Power Law is
employed for the crack evolution in correspondence to the
fracture initiation criterion f, for the maximum principal
stress, namely,

G./Gec = (G1/Gic)™ + (Gu/Guc)™ + (Gm/Gmc)® (2)

The BK Law is used for the crack evolution in correspon-
dence to the fracture initiation criterion f,, for the bedding
plane Gpc = G-

3)

Gu+G K
G.c = Gic + (Guc — Gie) ( 1 4 )

G+ Gy + Gy

where, Gic, Gy, and Gy represent the release rate of Type I,
IT and III fracturing energy respectively; Gy, Gy, and Gyy
represent the release rate of Type I, II and III fracturing energy
respectively; an, a,, a, and 1 represent material constants
under the law.

2.2. Filtration model of hydraulic fracturing

The principle of effective stress, i.e. 6; = 0;; — a;pp, is
fundamental for liquid—solid coupling. The flow pattern in
rock matrix dovetails with the Darcy's law V;; = —(K;/u)- Vp;.
In the fractured units, the liquid flows in a tangential pattern
and normal leaching filtration. The tangential flow accords
with the following expression:

w=—(k/u)*Vp 4)

where, v, represents the tangential flow rate of fluid in the
fracture, m/s; k, represents the tangential permeability, mz; u
represents the dynamic viscosity of fluid, mPass; Vp represents
the pressure gradient along the crack plane, Pa/m.

The normal filtration accords with the following
expression:

{nzalnn) ®

where, v, and vy, represent the flow rate of liquid above and
below the fracture, m/s; p; represents the pore pressure of
virtual node introduced, or the internal pressure, Pa; p, and py,
represent the pore pressure above and below the fracture, Pa;
¢p and ¢y, represent the filtration coefficient above and below
the fracture, m/(Pass).

3. Calculation analysis
3.1. Calculation conditions

Reservoir depth is 1500 m. For easy observation of the
propagation of cracks and avoidance of boundary size effect,

the model was made with a size of 20 m x 20 m x 20 m, the
borehole diameter (d) was taken as 0.15 m in the centre, and



142 Sun KM. et al. / Natural Gas Industry B 3 (2016) 139—145

the injection point was set in the centre of the simulated
borehole (Fig. 5). Table 2 shows the calculation conditions,
which are divided into two groups: (1) Conditions 1—7, with
different in-situ stress and different bedding directions; (2)
Conditions 4, 8 & 9, with different in-situ stress, and identical
bedding directions. As to the material parameters,
E, =12 GPa, E; = 9 GPa, G, = 5 GPa, G, = 3 GPa, v, = 0.2,
Vet = 0.4, vy, = 0.3; the tensile strength limit of rock is 6 MPa,
the tensile strength of bedding plane in shale reservoir is
0.5 MPa, the filtration coefficient is 6e~'* m/(Pa-s), the fluid
viscosity is 2.5 mPass, the pump output is 0.36 m>/min, and
the fracturing time is 20 min. When the normal direction of the
bedding (1-axis) is parallel to y-axis, the angle is zero; when it
rotates counterclockwise, the angle becomes positive.

20 m

4 Water injection point

20 m
—_—
<
g\\\\ Y
Q
S
O
=

Fig. 5. Numerical model of hydraulic modelling.

Table 2
Calculation conditions.

Condition Bedding direction/(°) Gy, Oy, 0,/MPa
1 0 10, 6, 25

2 15 10, 6, 25

3 30 10, 6, 25

4 45 10, 6, 25

5 60 10, 6, 25

6 75 10, 6, 25

7 90 10, 6, 25

8 45 10, 3, 25

9 45 10, 20, 25

]

\Q@
|&

3.2. Result analysis

Under Conditions 1—7, the angle between the normal di-
rection of bedding and y-axis is 0°, 15°, 30°, 45°, 60°, 75°, and
90° sequentially. Cracks show three-dimensional non-planar
extension (for example, Condition 5 in Fig. 6). For easily
observing the relationship between the crack trending and the
bedding direction or the direction of minimum in-situ stress,
the orthographic projection is used (Fig. 7).

It is indicated in Fig. 7 that the direction of crack propa-
gation is almost consistent with the bedding direction. As the
angle between the normal direction of bedding and the di-
rection of minimum in-situ stress increases, the angle between
the crack propagation direction and the direction of minimum
in-situ stress increases too. The simulating result dovetails
with the test results, thus verifying the effectiveness of the
hydraulic fracturing model.

The in-situ stress after hydraulic fracturing is the super-
position of original in-situ stress, injection pressure and pore
pressure increment caused by the seepage in the strata, and
the existence of bedding plane makes the rock body represent
homogeneity in all directions transversely. As for the weak
strength of bedding plane, the propagation of hydraulically
induced cracks depends on the state and strength of bedding
plane after fracturing and the state and tensile strength of the
stress in the minimum in-situ stress direction. If the normal
tensile stress of the bedding plane firstly reaches the tensile
strength of the bedding plane after fracturing, cracks propa-
gate along the bedding plane; on the contrary, cracks propa-
gate perpendicularly to the direction of minimum in-situ
stress.

Compared with the results of the second group of condi-
tions (4, 8 & 9), crack propagation direction is shown in Fig. 8.
The ratio between the tensile stress in the direction of mini-
mum in-situ stress and the limit of tensile strength is defined as
the indicator n; of crack propagation vertical to the minimum
in-situ stress, and the ratio between the normal tensile stress of
the bedding and the limit of tensile strength in the bedding
plane is defined as the indicator n, of crack propagation along
the bedding plane.

As shown in Fig. 8-a, when the difference between vertical in-
situ stress o, and the minimum horizontal in-situ stress o,
(hereinafter referred to as in-situ stress difference) is 7 MPa, n,
approximates to n,, and non-planar crack propagation is obvious.

Fig. 6. Three-dimensional non-planar cracks in Condition 5.
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Fig. 7. Crack propagation under different bedding directions.
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Fig. 8. Crack propagation under different in-situ stresses.

In the initial stage of crack propagation, n, is larger than n,, and
cracks propagate in a direction vertical to the minimum in-situ
stress. As cracks further propagate, the pore pressure caused by
liquid seepage and filtration increases, and n, increases to exceed
ny, and the crack propagation steers to the direction of bedding.
Asis shown in Fig. 8-b, when the stress difference is 4 MPa, n, is
always larger than n,, and cracks propagate along the bedding
direction. On Fig. 8-c, when the stress difference is 10 MPa, n; is
always larger than n,, and cracks propagate in a direction vertical
to the minimum in-situ stress.

According to the axial rotation expression, the normal
stress of the bedding under original in-situ stress is expressed
as:

1

oN = ) (ax — ay) scos2 o+ % (ax + ay) — Ty sin2a (6)

Fig. 9 shows the changes of injection pressure for calcu-
lated oy, facture initiation pressure and crack propagation
when 7,, = 0, 6, = 10 MPa, g, = 6 MPa, oy = 8—2cos2a,
and 0°< o« < 90°. It is indicated that the pressure for facture
initiation and crack propagation and the normal stress increase
with the increase of «, at a rate that increases and then
decreases.

Fig. 10 shows the crack area and opening degree in
different bedding directions. It is indicated that, given a con-
stant displacement, as « increases, the pressure required for
crack propagation increases, the crack propagation rate de-
creases; within the same time, the crack area decreases, and
the opening degree increases.

Fig. 11 shows the variation of total filtration ratio and crack
area with time in Condition 5. It can be seen that, as cracks
propagate, the crack area expands, and total filtration ratio
increases, and the expanding rate of crack area gradually
decreases. Fig. 12 indicates the changes of crack propagation
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Fig. 9. Curves of pressure under different bedding directions.
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Fig. 11. Total filtration ratio and crack area vs. time.
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in each stage obtained through calculation. Clearly, cracks
present ellipsoidal non-planar propagation generally. In the
initial stage of fracturing, in-situ stress concentration occurred
around the borehole, which had significant influence on
cracks, and the crack propagation turned to the normal di-
rection of minimum in-situ stress. Away from the borehole,
the in-situ stress concentration vanished, and the crack
propagation changed to the direction of bedding. As the in-
jection of fracturing fluid, cracks firstly propagated vertically
from borehole wall to wellbore, and later along the borehole
axis.

4. Conclusions

Through a comparison of the results of hydraulic fracturing
test and three-dimensional numerical simulation of crack
propagation in shale, it can be concluded as follows:

1) The agreement between simulated results and test results
verifies the effectiveness of hydraulic fracturing model.

2) The hydraulically induced crack propagation rules of
shale gas reservoir are jointly controlled by original in-situ
stress and the strength and architectures of bedding plane. If
the normal tensile stress of bedding firstly reaches the tensile
strength of the bedding plane after fracturing, cracks will
propagate along the bedding plane. If the tensile stress in the
direction of minimum in-situ stress firstly reaches the limit of
tensile strength, cracks will propagate in a direction vertical to
the minimum in-situ stress.

3) Given a tensile strength of 6 MPa for the reservoir and a
tensile strength of 0.5 MPa for bedding plane, the direction of
bedding predominates the direction of crack propagation when
the difference between vertical in-situ stress and minimum
horizontal in-situ stress (Ag) < 4 MPa, and the state of in-situ
stress predominates the direction of crack propagation when
Ac > 10 MPa.

4) If factures propagate along the bedding plane, as the
angle between normal direction of the bedding and the di-
rection of minimum in-situ stress increases, crack area de-
creases, the opening degree of facture increases, and so
does the pressure required for facture initiation and propa-
gation. However, such pressure is the minimum when the
direction of bedding is vertical to the direction of minimum
in-situ stress.

5) Cracks present an ellipsoidal non-planar extension
generally. With the propagation of cracks, the crack area in-
creases, thus leading to an increase of total filtration ratio and
the crack propagation rate decreases gradually.

Fig. 12. Crack propagation in Condition 5.
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