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ABSTRACT

Bedding fracture is the main rock mass of the tight reservoir; the main method for the formation
of complex fractures of dense rock is to activate weak bedding to induce the branch extension of
hydraulic fracture. Based on fracture mechanics, this paper established the mechanical model of
coupled extension with weak bedding when the hydraulic fracture is close to the weak bedding
process, adopted the numerical analysis method, based on the equivalent principle of coupling,
through unit compilation techniques, and realized the numerical simulation of the expansion of
hydraulic fracture and weak bedding. The results show that the hydraulic fracture tip passivation is
induced by shear slip of weak bedding plane; the increase of shear stress in the weak bedding is the
main control mechanism of the expansion of hydraulic fracture; the closer the approaching angle,
the greater the elastic modulus of reservoir, and the lower the stress difference, the more difficult it
is to induce weak bedding shear damage. The greater the viscosity of the fracturing fluid, the greater
the displacement, the more prone to inducing shear damage of weak bedding plane, and the more
complex the formation of cracks.
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1. Introduction

In the conventional reservoir hydraulic fracture theory,
the open fracture mechanism of hydraulic fractures is
mainly studied but less research on shear failure [1-3]. Non-
conventional shale or tight rock reservoirs contain structural
weak surfaces such as natural fractures or bedding. During
the fracturing process, shear failure is easy to occur, and
hydraulic cracks are communicated with each other to form
network cracks. Murphy et al. believe that rock rupture is the
result of shearing, especially in fractured reservoirs, where
fracturing is the shear slip of rock along the joint plane [4].
Warpinski also verified through laboratory experiments that
there are three extension modes for hydraulic cracks under
the influence of natural cracks: through natural cracks,
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opened natural cracks prevent expansion, natural cracks
that are damaged by shear prevent expansion [5]. Dyneshy
believes that the mechanism of unsteady expansion of
hydraulic fractures is shear failure of rocks [6,7]. Warpinski
believes that natural cracks are prone to shear failure when
hydraulic cracks interfere with natural cracks, and the influ-
ence of fluid loss on stress fields is also discussed [5]. Zhou,
Chen, and others analyzed the mechanism of shear fracture
caused by hydraulic cracks through theoretical and experi-
mental methods and discussed its influencing factors [8]. Wei
Rui analyzed the influence of natural cracks or joint shear
slip on the conductivity of fractures [9]. Anderson, Renshaw,
Peng, Cheng, and other domestic and foreign scholars also
theoretically analyzed the occurrence conditions of natural
fracture shear failure [10-22].
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In summary, domestic and foreign scholars have given
the extended behavior of hydraulic fractures after encoun-
tering natural cracks through theoretical analysis and exper-
imental research, and given the criteria for shear failure
of natural fractures, however, there are few studies on the
mechanism of coupling and expansion of natural cracks and
hydraulic cracks. In this paper, the fluid-solid coupling effect
of hydraulic fracturing and the interaction between hydrau-
lic fracture and weak bedding are considered. Establishing
a calculation model for the expansion of hydraulic fracture
and weak layer intersection, the variation process of stress
and displacement of weak layer in hydraulic fracturing pro-
cess is analyzed. The coupling mechanism between weak
bedding and hydraulic fracture is analyzed, which provides
theoretical support for the formation of complex fractures in
unconventional reservoir hydraulic fracturing.

2. Establishment of coupled mechanical model for
hydraulic fracture and weak bedding

In the tight reservoirs, the development of layered cracks
is dominant and the structural joints and natural fractures are
weakly developed. In the hydraulic fracturing of tight reser-
voirs, under the action of hydraulic cracks, the weak bedding
is activated, and the weak mechanical behavior of the weak
layer determines the extended form of the hydraulic fracture
through weak bedding; this is a mechanical problem of
hydraulic fracture and weak bedding coupling.

The space diagram of hydraulic crack and weak layer
intersection is shown in Fig. 1, taking the type of horizontal
fault normal stress in horizontal well as an example
(o,>0,>0,) and taking the three principal stress directions
of the space as the coordinate axis directions (o, = 0, 0, =0,
0, =0,). The wellbore direction is along with the direction of
minimum principal stress, the hydraulic fracture extends in
the YZ plane perpendicular to the minimum principal stress,
the angle between natural cracks and hydraulic cracks is a,
taking a symmetry plane perpendicular to the plane of the
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Fig. 1. The space diagram of hydraulic crack and weak layer
intersection.

crack and the weak plane, the hydraulic crack propagation
on this plane satisfies the plane strain, establish an extended
mechanical model of the intersection of hydraulic fracture
and weak layer, as shown in Fig. 2.

Before the hydraulic crack and the weak layer meet, the
hydraulic crack is a type I tensile failure crack. According to
the linear elastic fracture mechanics, in the polar coordinate
system, the stress field of the type I crack tip is

o, = K, cos39
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The weak layer is a discontinuous plane in the rock mass
structure. During the process of hydraulic crack approaching
the weak layer, the stress generated on the weak layer mainly
includes three parts: (1) Pre-stress in the weak bedding plane
under the action of far field stress; (2) Stress induced by
the stress field at the tip of the hydraulic fracture; (3) The
osmotic pressure generated by the fracturing fluid pressure.
According to the linear elastic fracture mechanics, the stress
acting on the weak bedding plane is
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where “~” represents the left weak layer; “+” represents

the right weak layer; o, normal stress on weak bedding plane
under far field stress, MPa; t* shear stress of weak bedding
plane under far field stress, MPa; o, is the maximum princi-
pal stress of the reservoir, MPa; o, is the minimum principal
stress of the reservoir, MPa; a is the angle between the weak
bedding and the minimum principal stress of the reservoir,
degree.
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Fig. 2. Extended mechanical model of hydraulic fracture and
weak layer intersection.
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Hydraulic shear cracking slip on the weak bedding plane
needs to meet two conditions: (1) the maximum principal
stress at the tip of the hydraulic fracture is less than the tensile
strength of the formation and (2) the shear stress generated
by the weak bedding plane is greater than the shear strength
of the interface, therefore,

G, loe <T (3a)

(3b)

+
T 2T, +Kfc”

Here o, is the maximum principal stress at the tip of the
crack, MPa; T is rock tensile strength, MPa; 1, is the shear
strength of the weak interface, Mpa; and Kf the friction
coefficient of the interface is dimensionless.

The distribution of normal stress and shear stress
distribution on the bedding plane can be determined by
Eq. (2). When the shear stress and the normal stress satisfy
Egs. 3(a) and (b), the shear failure occurs in the weak bed-
ding and the hydraulic crack will extend along the weak
bedding plane. Otherwise, no shear damage occurs in the
weak bedding plane, and hydraulic cracks extend through
the weak layer.

3. Numerical calculation of hydraulic fracture and weak
layer intersection

The weak layer structure makes the matrix of the rock
mass heterogeneous. Therefore, based on the above theoret-
ical analysis and numerical analysis technology, a numerical
calculation model for the intersection of hydraulic fracture
and natural fracture is established to analyze the coupling
between hydraulic fracture, weak bedding, and the extended
behavior; numerical model is shown in Fig. 3. The difficult
point in the calculation of fracture mechanics is the inter-
section of cracks. In this paper, the cohesion unit is used to
simulate hydraulic cracks and weak bedding. The cohesive

Fig. 3. Numerical model for the extension of hydraulic fracture
and weak layer intersection.

element can represent the irregularly distributed weak bed-
ding as a continuous function of the normal section line,
weights the internal friction angle and cohesion force of the
weak bedding into the anisotropic strength parameters of
the material, and recompiles the unit at the junction by the
unit compiling technique to make the fluid at the junction
according to the damage condition of the cohesive unit, the
flow direction is selected. The flow is reasonably distributed
to realize the branching and intersection of the crack.

The propagation model of fracturing fluid in a
cross-fracture is shown in Fig. 4. According to Kirchhoff’s
first and second laws, the total flow rate injected is equal to
the sum of the flow rates of each branch fracture.

G9=91179,%9; 4)

In the formula, g, is the main fracture flowing, m%s; q,, q,,
g, are the flow of branch cracks, m%/s.

The flow of each branch crack follows the Newtonian
flow formula:

2
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Here g, is the branch crack flow, m%/s; d, is the opening
degree of the branch crack, m; Vp is the fluid pressure
gradient of the branch crack, Pa.

The calculation process is divided into two steps: the
first step is to apply the gravity field and the initial geost-
ress field to simulate the existing stress field in the formation
and the second step is to use the transient analysis method to
inject the fracturing fluid to simulate the fracturing process.
With the injection of fracturing fluid, the cohesive force grad-
ually damages and the stiffness decreases. When the dam-
age value reaches 1, the material breaks, macroscopic cracks
appear, and the fracturing fluid flows into the crack.

4. The analysis of hydraulic crack and bedding
cross-expansion results

The strength of the bedding plane is the main con-
trolling factor for the change of hydraulic crack propagation.
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Fig. 4. Flowing of fracturing fluid in cracks.
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According to the digital speckle test, the ratio of the tensile
strength of the layer to the tensile strength of the rock mass
is taken as the quantitative value of the interface strength,
and the strength is reduced. The coefficients were 0.3 and
0.8 selected for calculation. The calculation parameters are
shown in Table 1.

4.1. Analysis of interface stress state under initial ground stress

According to the established hydraulic fracture and
weak bedding convergence model and according to the
parameters of Table 1, when the strength reduction coeffi-
cient is 0.3, after the ground stress balance, under the action
of the far site stress, the normal stress on the bedding plane
is 19.86 MPa, shear stress is 0.5 MPa, and the shear stress
distribution of the weak bedding plane is shown in Fig. 5.
According to the elastic two-dimensional linear elastic model,
the theoretically calculated normal stress is 18.92 MPa, the
shear stress is 0.49 MPa, and the errors are 5% and 2%.
The rationality of the model was verified.

4.2. Intersecting and expanding analysis of hydraulic cracks and
bedding surfaces

According to the analysis of the foregoing theory, the
normal stress and shear stress on the bedding surface are
changed under the induction of hydraulic cracks; the local
position of the hydraulic cracks and natural cracks is ana-
lyzed. Fig. 6 shows the change of pore pressure at different
times of the interface layer when alpha = 0.3, and Fig. 7 shows
the interface damage at different times of the interface layer
when alpha =0.3.

As can be seen from Figs. 6 and 7, the hydraulic fracture
intersects with the weak bedding in 19.64 s, the fracturing
fluid acts in the matrix crack, and the weak bedding does not
enter the fluid and does not damage. At the time of 23.64 s,
the pore pressure in the right weak bedding surface increases
and the fracturing fluid enters the weak bedding on the right
side, causing the weak bedding surface to destroy on the right

Table 1
Intersection of fractures to expand reservoirs and bedding
parameters

Reservoir elastic modulus/E 40 GP

Poisson’s ratio/p 0.21

Saturation factor/B 1.0

Reservoir permeability coefficient/K 1.0
Reservoir porosity/® 0.1

Reservoir fluid compressibility incompressible
3.5 MPa

Reservoir tensile strength/crtCC

Maximum horizontal stress/GH 20 MPa
Minimum horizontal stress/crh 18 MPa
Bedding strength reduction factor/a 0.3/0.8
Bedding angle/0 75°

Fracturing fluid displacement/q 2.4
Fracturing fluid viscosity/u, 120 MPaes
Fracturing fluid loss factor/C, 5.879¢™

S, 812

(Avg: 75%)
-4.900e+02
-6.158e+02
-7.416e+02
-8.673e+02
-9.931e+02
-1.119e+03
-1.245e+03
-1.370e+03
-1.496e+03
-1.622e+03
-1.748e+03
-1.874e+03
-1.999e+03

Fig. 5. Weak shear stress after balance of ground stress.

(a) 19.64s (b) 23.64s

(c) 30.64s

(d) 59.64s

Fig. 6. Pore pressure distribution at different time in alpha = 0.3.

(b) 23.64s

(c) 30.64s (d) 59.64s

Fig. 7. Stiffness distribution of cohesive element at different
moments at alpha = 0.3.
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side; at 30.64 s, when the hydraulic crack extends a certain
distance along the weak bedding surface, it breaks again to
the maximum principal stress direction. At 59.64 s, the pore
pressure of the weak bedding is increased, the interface is
damaged, and the hydraulic crack is branched and expanded
at the weak bedding.

The stress changes at the intersection of hydraulic frac-
ture and weak bedding a (front end), b (left wing), and c
(right wing) are extracted. As shown in Fig. 8, the crack tip
opening displacement after hydraulic fracture and weak
bedding intersection is shown in Fig. 8.

It can be seen from Fig. 8 that (1) during the coupling of
hydraulic crack and weak bedding, the compressive stress
at the tip of the crack gradually decreases. (2) The compres-
sive stress of the right and left cracks of the hydraulic crack
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Fig. 8. Stress comparison of weak interfacial layer under
hydraulic crack(a) Strain change at the front end of crack
at « = 0. 3, (b) Normal stress comparison between left and
right wings with a = 0. 3 and (c) Comparison of shear stress
between left and right wings at a =0. 3.

increases gradually due to the weak bedding. There is an
angle with the hydraulic crack, which makes the left-wing
weak layer and the right-wing weak layer asymmetry, and
the compressive stress of the right-wing weak layer is reduced
faster. (3) The hydraulic fracture tip was blunted at the weak
bedding position because the weak of the bedding strength.
The opening displacement is shown in Fig. 9. The opening
width of the crack increases, so that the right-wing weak bed-
ding is opposite to the shear slip direction of the left-wing
weak bedding, resulting in the right-wing weak bedding. The
shear stress increases, and the shear stress of the weak bed-
ding on the left side decreases. After the weak bedding plane
is activated, the open displacement increases gradually.

According to Eq. (3) and Fig. 8, before the weak bedding
plane is activated, the bedding plane is in a compressive
stress state, which is smaller than the rock tensile strength;
the hydraulic fracture cannot extend through the weak
bedding plane and the compressive stress of the surface is
reduced rapidly and the shear stress is increased of the right-
wing weak layer. The compressive stress of the surface is
reduced rapidly and the shear stress is increased. According
to the Mohr-Coulomb Theorem, the normal stress is reduced,
the shear strength is also reduced, and the threshold of shear
failure is weakened, while the normal stress of right wing
reduced faster, so the right-wing weak bedding plane under-
goes shear failure before the left wing. It can be seen that for
the hydraulic crack and the weak bedding plane intersect, the
weak hydraulic crack first spreads on one side of the weak
bedding plane.

Enhancing interface strength, when the interface strength
reduction coefficient is 0.8, the cross-expansion pattern of
hydraulic crack and bedding plane is calculated. Fig. 10
shows the pore pressure distribution at different time points
of the layered surface when ot =0.8.

It can be seen from Fig. 10 that when the strength of the
bedding plane is high, the stress transmission capability is
strong and the phenomenon of expansion cracking of the
hydraulic crack at the interface is not obvious. The crack
opening width is shown in Fig. 11, compared with the weak
bedding plane, at 23.64 s. The hydraulic crack width of the
weak layer is 0.0085 m, the hydraulic crack width of the
strong bedding plane is 0.00085 m, and the phase difference
is 10 times. Therefore, the stress concentration effect at the
hydraulic crack tip is strong.

Figs. 12 and 13 show the state of stress change at the
position of the hydraulic crack tip and the right-wing plane.
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Fig. 9. Trend of crack tip opening displacement when o = 0.3.
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(a) Os (b) 13.64s
(c) 19.64s (d) 23.64s

Fig. 10. Pore pressure distribution at different time points of the
layered surface at a = 0.8.
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Fig. 11. Crack tip opening displacement when o= 0.8.

It can be seen from Figs. 12 and 13 that the normal stress at
the tip of the hydraulic crack changes from the compres-
sive stress state to the tensile stress state, reaching the rock’s
tensile strength of the body; while the normal stress of the
hydraulic layer on the right-wing layer increases, the com-
pressive stress state gradually weakens, reducing the shear
strength of the crack, but the shear stress increases less, and
it is not easy to cause interface shear damage, according to
Eq. (3). It can be seen that the hydraulic crack propagates
through the bedding plane.

5. Analysis of factors affecting crack turn

Activating weak bedding is the key to improve the com-
plexity of hydraulic fractures, according to the foregoing
theoretical analysis. Under a certain interface strength, the
approach angle, horizontal principal stress difference, net
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Fig. 12. Stress change of the front end of the hydraulic crack
ata=0.8.
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Fig. 13. Stress change of right-wing strong bedding unit with
a=08.

pressure, and rock mechanic parameters of hydraulic cracks
and weak bedding planes all affect the stress state after the
intersection of hydraulic cracks and bedding planes. The
following calculation is performed with a bedding plane
strength reduction factor of 0.3.

5.1. Effect of elastic modulus on interface shear failure

According to the above parameters, select the approxi-
mation angles, which are 30°, 45°, 60°, and 75°, and the elastic
moduli, which are 30 GPa, 40 GPa, 50 GPa, and 60 GPa,
to begin the calculation. Under different approximation
angles, the crack propagation width after the intersection of
hydraulic cracks and bedding is shown in Fig. 14.

It can be seen from the single curves in Figs. 14 and 15
that as the hydraulic crack and the weak bedding approach
angle increase, the hydraulic crack width gradually decreases.
When the hydraulic crack and the weak interfacial layer
meet, the passivation phenomenon is weaker. The minimum
horizontal principal stress difference required for shear fail-
ure in weak bedding is gradually reduced, and the weaker
bedding is less prone to shear failure. Therefore, the larger
the approach angle, the less likely the shear failure occurs;
the larger the reservoir elastic modulus, the smaller the
hydraulic crack width, and the easier it is to form long and
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Fig. 14. Hydraulic crack width under different elastic modulus.
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Fig. 15. Weak bedding shear failure conditions under different
elastic modulus.

narrow cracks. When the hydraulic crack and the weak layer
meet, the passivation phenomenon is weaker, and the smaller
the minimum principal stress difference of the shear failure,
the weaker the layer is less prone to shear failure.

5.2. Influence of viscosity of fracturing fluid on interfacial
shear failure

The frictional resistance of different fracturing fluids
flowing in cracks is also different, resulting in different
fluid pressure gradients in the cracks, which will have a
certain impact on the crack propagation pattern. Different
fracturing fluid viscosity and analysis of its influence on
shear failure were selected. Calculated results are shown in
Figs. 16 and 17.

It can be seen from Figs. 16 and 17 that the viscosity of
the fracturing fluid is 1, 10, 50, and 100 mPa s under the
same conditions, as the approach angle increases. As the
approach angle increases, the smaller the crack width, the
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Fig. 16. Hydraulic crack width under different fracturing fluid
viscosity.
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Fig. 17. Weak bedding shear failure conditions under different
fracturing fluid viscosity.

weaker stratification is less prone to shear failure; the greater
the viscosity of the fracturing fluid, the greater the resistance
of the crack flow, the greater the fluid pressure in the joint,
the greater the width of the hydraulic crack, the hydraulic
power. The more severe the passivation phenomenon of the
crack in the weak bedding, the greater the shear stress of
the weak bedding, the more likely the shear failure occurs
[23-25]. Therefore, from the angle analysis of the shearing
slip of the bedding plane to increase the complexity of the
crack, increasing the viscosity of the fracturing fluid strongly
enhances the complexity of the hydraulic fracture.

5.3. Influence of injection flow rate on interface shear failure

The injection flow has a certain influence on the hydrau-
lic fracture propagation pattern. The other parameters are set
unchanged, and the injection flow rate is changed. The calcu-
lation results are shown in Figs. 18 and 19.
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Fig. 18. Hydraulic crack width under different injection flows.
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Fig. 19. Weak bedding shear failure conditions under different
injection flows.

It can be seen from Figs. 18 and 19 that under the same
injection flow rate, as the approach angle increases, the crack
width is smaller, and the weak stratification is less prone to
shear failure; as the injection flow rate increases, the hydrau-
lic crack width increases [26-28]. The greater the horizontal
principal stress difference required for shear failure, weak
stratification is more susceptible to shear failure.

6. Conclusion

* Based on the fracture mechanics and seepage theory, the
mechanical model of shear failure caused by hydraulic
fracture activation is established, and the numerical sim-
ulation analysis is used to form the simulation method of
hydraulic fracture expansion under the action of layered
surface, obtained by the action law of hydraulic crack and
weak bedding coupling.

® As the hydraulic fracture gradually approaches the weak
bedding, the shear strength of the weak bedding surface
gradually decreases. When the hydraulic fracture and the
weak bedding meet, the hydraulic crack tip is passivated
at the weak bedding, causing the increase of the weak
bedding shear stress, and the weak bedding on the front

side of the hydraulic crack expansion direction gradually
reaches the shear strength and shear damage occurs.

e The larger the approach angle of hydraulic fracture and
weak bedding, the greater the elastic modulus of the
reservoir and the smaller the difference in geostress; the
smaller the degree of passivation of hydraulic cracks and
weak bedding, the less likely it is to induce weak bedding
shear failure. The greater the viscosity of the fracturing
fluid and the greater the displacement of the fracturing
fluid, the easier it is to induce shear failure of the weak
bedding plane, and the more complicated the fracture
is formed, Therefore, for dense reservoirs dominated by
bedding planes, it is suitable to use high-displacement
and high-viscosity fracturing to activate weak bedding to
form complex cracks.
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