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ARTICLE INFO ABSTRACT

Keywords: Shale is a common layered sedimentary rock containing bedding interfaces in oil and gas reservoirs. In hydraulic

FDEM fracturing of shales, the fracturing fluid could flow into bedding interfaces and cause slipping, thus affecting the

Bedding interface propagation of hydraulic fractures. Currently, the interaction mechanism between hydraulic fractures and

;i:;:zﬁ: df;jvcmnng bedding interfaces is still unclear because of the difficulty in monitoring fractures in laboratory experiments and

Fracture interference the lack of appropriate numerical tools to model the dynamic hydraulic fracturing process. In this paper, the
emerging combined finite-discrete element method (FDEM) is used to numerically study the main controlling
factors of the interaction between hydraulic fractures and bedding interfaces, as it is known for its advantage of
simulating material transition from intact solid to crack initiation and propagation. Our results show that the slip
property of bedding interfaces determines whether hydraulic fractures can cross over bedding interfaces.
Interestingly, the high permeability of bedding interfaces does not hinder the crossing but only delays the time
needed for such crossing. We also find that both the slip type and permeability of bedding interfaces can give rise
to a change in the width of hydraulic fractures when propagating across bedding interfaces, and result in a
discontinuous distribution of local stress and fluid pressure near bedding interfaces accompanied by a strong
stress shadow area. Therefore, in the process of hydraulic fracturing in reservoirs with bedding interfaces, the
problem of multi-fracture interference could be more deteriorative. This paper aims to provide a new under-
standing of the hydraulic fracture crossing mechanism and hydraulic fracture morphology in reservoirs with
bedding interfaces.

1. Introduction

Hydraulic fracturing is a key engineering technique for stimulating
oil and gas production in shale reservoirs (Ciezobka et al., 2018; Gan-
dossi, 2013). In hydraulic fracturing, high-pressure fluid is injected into
reservoir rocks to form fractures and create flowing channels for oil and
gas (Lecampion et al., 2018; Liu et al., 2018). However, shale reservoirs
often contain a variety of layered structures such as lithologic patterns,
complex laminae, and bedding interfaces (Abbas et al., 2018; Hudson,
2017; Li et al., 2018b; Wu et al., 2019; Zhang et al., 2021a). These
layered structures can hinder hydraulic fractures from propagating
across beddings and cause a strong multi-fracture interference on the
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horizontal plane, hence severely limiting the performance of hydraulic
fracturing in reservoirs. Therefore, it is vital to investigate the hydraulic
fracture propagation mechanism under the influence of bedding in-
terfaces (Cai et al., 2020; Tang et al., 2018; Zhang et al., 2021b).
Existing studies mainly focus on the influence of rock’s mechanical
properties on hydraulic fracturing, and the important interaction
mechanism between hydraulic fractures and bedding interfaces has not
yet been fully explored. The few experimental studies in the literature
revealed several possible interaction modes between hydraulic fractures
and bedding interfaces: (i) hydraulic fractures terminate at bedding in-
terfaces with or without opening of bedding interfaces, (ii) hydraulic
fractures propagate straight through bedding interfaces, and (iii)
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hydraulic fractures grow along with bedding interfaces for a certain
offset distance before crossing them (Li et al., 2018b; Tan et al., 2017;
Zou et al., 2017). Because of the larger permeability of bedding in-
terfaces compared with rock matrix, the injected fluid could easily enter
bedding interfaces and thus leads to a fluctuation of fluid pressure in
hydraulic fractures (Tang et al., 2018). In addition, the induced stress
from hydraulic fractures can cause slipping along bedding interfaces,
which results in an increase of fracture width and a redistribution of
stress around the tips of hydraulic fractures (Tan et al., 2021). Although
these previous laboratory studies qualitatively revealed the influence of
permeability and slip of bedding interfaces (Li et al., 2018a; Li et al.,
2018b; Tan et al., 2017; Tan et al., 2021; Zou et al., 2017), they lack a
quantitative and detailed investigation of how these two factors affect
hydraulic fracture propagation. This is mainly because it is challenging
to control the properties of bedding interfaces and monitor the hydraulic
fracture propagation procedure in laboratory experiments. Therefore,
analytical or numerical approaches have to be employed to quantita-
tively conduct such investigation.

A few attempts have been made to analytically examine how the slip
and permeability of bedding interfaces affect hydraulic fracturing. For
example, Xu et al. (2019) used an idealized plane strain model to
demonstrate that the slip along bedding interfaces can hinder hydraulic
fracture propagation, yet they failed to consider the effect of perme-
ability of bedding interfaces. Additionally, as a common drawback,
analytical approaches are often restricted to simplistic cases. For nu-
merical approaches, the discrete element method (DEM), boundary
element methods (BEM) and finite element method (FEM) are exten-
sively used in hydraulic fracturing simulation. However, these tradi-
tional numerical methods all suffer from limitations for the current
problem. Specifically, in DEM, many microscopic parameters used in the
simulations are difficult to calibrate and thus may lead to uncertain
results (Duan et al., 2020; Zhang and Dontsov, 2018); in BEM, it is
difficult to realize complex structures such as bedding interfaces
(Dontsov and Peirce, 2015). FEM outweighs the above two in terms of
discontinuity simulation, in which mainly two ways are seen to be
realized to simulate bedding interfaces. One is to set a band of soft finite
elements as the bedding interfaces which have mechanical properties
smaller than the matrix. By changing the strength and friction param-
eters, Tan et al. (2021) realized three scenarios of hydraulic fractures,
the T-shaped, the passivation, and the crossing fractures. However,
because in such models the soft element layers are still continuum and
cannot slip explicitly, the effect of slip along bedding interfaces on hy-
draulic fracturing cannot be directly reflected. The other is to set
cohesive zone elements between adjacent finite elements to simulate
hydraulic fractures and bedding interfaces. Based on this, Celleri and
Sanchez (Celleri and Sanchez, 2021) investigated the effect of bedding
interfaces on the propagation of hydraulic fractures and concluded that
the permeability of bedding interfaces can reduce fluid pressure and
thus prevent the propagation of hydraulic fractures. However, the slip
effect along bedding interfaces was not evaluated. Although traditional
numerical approaches provide approximated investigation of bedding
interfaces, to the best of our knowledge, there is a lack of reliable nu-
merical experiments that account for the effects of both slip and
permeability of bedding interfaces simultaneously on hydraulic fracture
propagation.

In this paper, we focus on the simultaneous effect of slip and
permeability of bedding interfaces. To overcome the limitations of in-
dividual traditional numerical approaches, the combined finite-discrete
element method (FDEM), which inherits and combines the advantages
of both FEM and DEJ, is employed to comprehensively study the effect
of both slip and permeability of bedding interfaces on hydraulic frac-
turing (Fu et al., 2011; Lisjak et al., 2017; Munjiza et al., 2020; Yan et al.,
2018). FDEM can explicitly simulate the dynamic propagation of hy-
draulic fractures as well as the slips along fractures and is thus more
versatile than pure FEM or DEM. However, challenges still exist in using
FDEM to model hydraulic fracturing in layered reservoir rocks with
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bedding interfaces. The first one lies in the validation of FDEM models.
Generally, analytical solutions of hydraulic fracturing are used to verify
the results of numerical simulation. Wu et al. (2021) validated the nu-
merical results of FDEM with the analytical solutions of hydraulic
fractures in both the toughness and viscosity domains. However, they
did not give a clear corresponding relationship between the input pa-
rameters used in FDEM and those in the analytical solutions. There are at
least two parameters (i.e., tensile strength and fracture energy) for the
crack model in FDEM as the input parameter, but there is only one
parameter (i.e., fracture toughness) in the analytical solutions. Previous
works usually only try to connect the fracture energy with fracture
toughness, without considering the tensile strength. Therefore, the
correctness of these FDEM simulations of hydraulic fractures cannot be
validated completely under a strict restriction of the input conditions.
Chen et al. (2009) were aware of the above problem and discussed the
different parameters in the crack model that influence the simulation of
hydraulic fracturing, but they also did not explain the relationship be-
tween the parameters in the crack model and the fracture toughness in
the analytical solution. Additionally, in the above FDEM simulations
fractures are only allowed to propagate along element boundaries (Ju
et al., 2021; Knight et al., 2020; Lisjak et al., 2017; Profit et al., 2016b;
Wang et al., 2021b; Zhao et al., 2014); to ensure fracturing simulation
accuracy, fine mesh has to be used throughout the model and thus may
lower the computation efficiency.

Here, we extend FDEM for hydraulic fracturing simulation with a
local adaptive mesh algorithm to not only alleviate the mesh de-
pendency of fracture propagation but also increase the simulation ac-
curacy and computation efficiency. The relationship between the
fracture toughness and the parameters in the crack model of FDEM is
analyzed, and the numerical results of hydraulic fracture are carefully
validated with analytical solutions. We then set up a series of hydraulic
fracturing models with bedding interfaces to study the propagation
mechanism of hydraulic fractures under the influence of bedding in-
terfaces. The paper is organized as follows. First, we give a brief intro-
duction to FDEM in terms of fracture propagation simulation. Then, we
deduce the relationship between the parameters in the crack model and
the linear elastic fracture mechanics (LEFM) and set up the numerical
models. In Section 3, we present the morphology of hydraulic fracture,
injection pressure, and the pressure along the bedding interfaces. In
addition, we consider the fracture height, fracture width, and the pres-
sure along the bedding interfaces under different slip scenarios and
permeability of bedding interfaces to examine the factors that determine
the crossing behavior of hydraulic fractures. In Section 4, we discuss the
influence of multi-fractures interference problems in reservoirs with
bedding interfaces and give suggestions regarding how the problem may
be alleviated in practice. The conclusions are drawn at the end.

2. Model
2.1. FDEM in a nutshell

The FDEM was originally developed by Munjiza in the early 1990 s to
simulate the material transition from continuum to discontinuum
(Munjiza, 1992). The essence of FDEM is to merge the algorithmic ad-
vantages of DEM with those of the FEM. In FDEM, a discrete fracture is
explicitly inserted when a certain fracturing criterion is reached and
thus could realize the dynamic transition of material from intact solid to
the initiation and propagation of fractures (Lei et al., 2021; Munjiza
et al., 2020). Currently, there are several realizations of FDEM, such as
the HOSS from the Los Alamos National Laboratory, Y-GEO from the
University of Toronto, Solidity from the Imperial College London, and
commercial software package IRAZU from the Geomechanica and
ELFEN from the Rockfield (Knight et al., 2020; Mahabadi et al., 2016;
Profit et al., 2016b; Zhao et al., 2014). We are not intended to give a
thorough review regarding the difference between these FDEM
branches, and the interested readers could refer to Mohammadnejad
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et al. (2021) for more details. In this paper, we use the FDEM realization
in ELFEN to simulate hydraulic fracturing because of its advanced and
efficient crack simulation capability. The core contents of FDEM in
ELFEN in terms of hydraulic fracturing simulation include the Rankine
crack model, re-mesh scheme, contact algorithm, and the hydro-
mechanical coupling strategy.

2.1.1. Rankine crack model and re-meshing

In FDEM, the initiation and propagation of cracks are realized by the
explicit insertion of new cracks based on the Rankine crack model. Since
hydraulic fracturing mainly involves tensile fractures induced by the
splitting effect of injection fluid, only the Mode I type crack is considered
in this paper. The generation of tensile fractures using the Rankine crack
model is mainly controlled by two parameters, i.e., the tensile strength ft
and the fracture energy Gy Once the material has reached the tensile
strength, a crack with a defined characteristic length is inserted in the
material, and the opening degree of the crack is determined by the
fracture energy and local stress state. In the Rankine crack model, a
simple linear relationship is assumed between the opening degree, stress
state, and fracture energy, as shown in the schematic diagram in Fig. 1a.
In some FDEM applications (Lisjak et al., 2013; Zhao et al., 2014), the
opening degree and fracture energy are given a nonlinear relationship
based on the heuristic scaling function proposed by Evans and Marathe
(Evans and Marathe, 1968). Although the nonlinear relationship can
capture the nonlinear change of the crack tip, it is difficult to obtain the
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parameters of the heuristic scaling function for different materials. In
most studies, parameters of the heuristic scaling function are simply
given fixed empirical values, yet such treatment ignores the difference
between materials and may not achieve a desirable approximation to the
crack tip.

Generally, the newly generated hydraulic cracks in FEDM are
inserted at the interface of solid elements. Although in some FDEM re-
alizations, cracks can be inserted inside the elements based on the local
algorithm, the propagation direction of cracks cannot avoid the inter-
ferential of mesh (Wang et al., 2021a). To alleviate such influence, we
use a local adaptive mesh algorithm to constantly re-mesh the tip of
fractures in our model (Fig. 1b). The area around the crack tip is
delineated by a damage factor (Wang et al., 2021b). When the factor
reaches 80% of the damage threshold, the re-mesh algorithm is activated
around the crack tip. This re-mesh algorithm avoids the sensitivity of
fracture propagation to the mesh, which could yield more reliable
fracture propagation results in the case of multi-fractures with bedding
interfaces where hydraulic fractures may propagate in various di-
rections. Another advantage of the local adaptive re-mesh algorithm is
its adaptive meshing ability to implement fine meshing at the crack tip
of interest and coarse meshing in other areas, which enable a better
leverage between computation accuracy and computation efficiency for
current numerical investigation.

(d) Model size
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(e) Mesh sketch

Fig. 1. Schematic diagram of the FDEM model for hydraulic fracturing simulation with highly permeable bedding interfaces. (a) The Rankine crack model and the
relationship of corresponding parameters. (b) The area around the initial fracture is defined as a re-mesh area, which changes adaptively with the propagation of
hydraulic fractures. (c) The bedding interface and its behavior are defined by the Coulomb’s law of friction. (d) Sketch of the model. (e) Mesh area of the model. The
mesh size of the rock matrix is 10 m; the mesh size at the bedding interfaces and around the well is 1 m; the mesh size around the initial fracture is 0.2 m. The element

re-mesh size is also set to 0.2 m.



S. Wu et al.

2.1.2. Contact interaction

When discrete media such as hydraulic fractures and bedding in-
terfaces are inserted into a continuous medium, a contact interaction
algorithm is activated in FDEM to process the coupling between the
discrete and continuous media. The contact interaction is calculated by
using the distributed potential contact force based on the penalty
function method. This method could maintain energy balance for
discrete elements with various shapes and sizes and yield realistic dis-
tributions of contact force (Munjiza and Andrews, 2000; Munjiza et al.,
2020). Regarding the contact interaction algorithm, Smoljanovi¢ et al.
(Smoljanovi¢ et al., 2018) proposed an approach that includes modeling
of bedding interfaces and fractures by the Coulomb’s friction law. In our
model, the contact interaction between bedding interfaces can be
deemed as a more advanced version, i.e., the one controlled by the
Coulomb’s friction law plus the plate laminar flow in the problem of
hydraulic fracturing.

2.1.3. Hydro-mechanical coupling

The equilibrium of stress and mass conservation provides the gov-
erning functions for the problem of hydraulic fracturing in FDEM. The
mechanical equation is

L'(6° — amp)) + (pp +p,(1 — $))g =0, )

where L is the spatial differential operator; ¢ is the effective stress
tensor; a is the Biot’s coefficient; m is a vector[1 1 1]7; p; is the pore
pressure; p; is the density of the pore fluid; p, is the density of the solid; ¢
is the porosity of the porous medium, and g denotes the gravity vector.

The seepage equation combining mass conservation along with
Darcy’s law is

.|k (9 a0 % 0Oe,
dw[;l(vpﬁp/g)} 7<K1+ X )aﬁ“az’ 2

where k is the permeability of the porous media; y, is the viscosity of the
pore fluid; t denotes time; K; and K are bulk stiffness of the pore liquid
and bulk stiffness of the solid, respectively. If the permeability of the
reservoir rock (e.g., shale) is extremely low, the k, ¢ and «a are close to
zero, resulting in a seepage equation having little influence on hydraulic
fracturing. This corresponds to the situation with negligible leak-off of
fluid from the fracture.

The flow equation that describes the fluid in the fracture network is

e

a0 [K" (dps 0Py

e (3 08) | =% @

and

o] <Lf> . (f) 7 @
K0) T\

where K = ¢%/12 is the intrinsic or absolute permeability of the frac-
tured region; e is the aperture of fracture; u is the viscosity of the frac-
turing fluid; py is the fluid pressure; p; is the density of fluid; S is the
storage coefficient of the fracture and is an aperture-based parameter;
Kf{ is the normal stiffness of the fracture; Kfr is the bulk stiffness of the
fracturing fluid.

The hydro-mechanical coupling is realized in two steps. First, the
pressure within a fracture is calculated based on the flow equation and is
transmitted as a pressure boundary for solid elements. Then, the
deformation of solid elements is determined based on the mechanical
equation and is used as the new fracture morphology to update the
pressure within the fractures. Two types of solution algorithms are used
in the hydro-mechanical coupling scheme. For the mechanical field, the
explicit solution method is used. This approach is efficient to solve
problems such as fracturing of materials in which the convergence
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condition is difficult to achieve. The implicit solution method is used for
the fluid field, in which convergence conditions are generally easily
enforced. The implicit approach allows for the use of large time in-
crements, thus improving computational efficiency. As the timestep of
the implicit solution could be much longer than that of the explicit so-
lution, it is necessary to select an appropriate timestep to transfer the
coupling parameters. We use a time factor to control the transfer process
of coupling parameters, which is defined as the ratio of timestep for the
explicit solution and that for the implicit solution. The larger the time
factor is, the higher the coupling error between the fluid and mechanical
field would be. Yet, an overly small time factor can lead to a highly
expensive computational task. Therefore, it is necessary to optimize the
time factor to achieve reasonable computation time and coupling error.
In this paper, we chose a time factor of 10, and we will demonstrate later
in Section 3 that compared with a smaller time factor of 1, the results
show an insignificant difference, but the computation efficiency is
substantially enhanced.

2.2. Validation

2.2.1. Parametric analysis

We simulate a series of 2D hydraulic fracturing models using the
plane strain setup in FDEM. For analytical solutions, the plane strain
hydraulic fracture problem was first proposed by Khristianovic and
Zheltov (Khristianovic and Zheltov, 1955), i.e., the so-called KGD
model. Dontsov (Dontsov, 2017) gave an approximate solution for the
KGD model based on the assumption that the global fracture solution is
mainly determined by the near-tip behavior and the global fluid volume
balance. The KGD solution is usually used for validations of numerical
simulations. The solution takes into consideration of fracture toughness
(Kic), fluid viscosity and leak-off. Two scaling parameters are used for
limiting the regimes of the solution, i.e.,

K* \"  Eco
Km = </E173> yT=— 3t (5)
HE>Qqo w3
and
, E . 2\ ' ,
E :mvl( :4<;> Kic,p = 12u (6)

where K, is the toughness parameter; E is the Young’s modulus of rock; v
is the Poisson’s ratio; K¢ is fracture toughness; C is the leak-off coeffi-
cient of fluid in fracture; Qo is the injection rate and t is the time of
injection.

In Eq. (5), the toughness parameter K, divides the solution into the
viscosity and toughness domain. In the latter domain, the energy of fracture
propagation is mainly dissipated in new fracture surfaces. The fracture
toughness is the key parameter affecting the results, and fluid viscosity only
has a minor effect. In the viscous domain, energy is mainly consumed in the
process of fluid flow, while fluid viscosity becomes the dominant param-
eter, and the effect of fracture toughness can be ignored. The 7 is the
dimensionless time that quantifies the influence of leak-off. The leak-off
coefficient of fluid in shales is generally small, which is often several or-
ders of magnitude smaller than the injection rate, so it is not considered
here for computational efficiency. To validate the proposed FDEM model,
we use the KGD solution in the toughness domain for the following
calibration.

The property of cracks is defined by the fracture toughness Kjc,
which is based on the theory of linear elastic fracture mechanics (LFEM).
The Kj¢ is a parameter that reflects the strength of the material, which
includes the influence of initial cracks. So Kj¢ is a parameter for strength,
similar to ft in the Rankine crack model. The K¢ also has a relationship
with the fracture energy Gic based on LFEM. The Gy is similar to Gy in
the Rankine crack model. If the Rankine crack model is consistent with
the LEFM, the two parameters ft and Gy in the Rankine crack model are
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Fig. 2. (a) The width of crack tips in the Rankine crack model and LEFM model,
respectively; (b) Error function E, represents the difference between the
two models.

not independent. It is necessary to establish the linkage between ft and
Gy to make the Rankine model consistent with LEFM. The relationship
between Kj¢ of Mode I crack tip and the opening of the tip of fracture is

w(x) = %([fx)l/27 %)

where [ is the length of the crack tip, and (I — x) is the distance to the
crack tip.

For plane strain problems, the relationship between fracture energy
Gyc and fracture toughness Kj¢ is

K2
GIC:%(I —Vz) (8)

Combining Egs. (7) and (8) gives the opening degree of fracture at x = 0

w(x:O):g/%%l. )

In the Rankine model, the width at x = 0 is equal to

2G
5. ==

e =g (10)

If the Rankine model satisfies LEFM, the width of the opening should be
equal. The characteristic length of the element is the length of the

element interface, thenl, = 1/I2+ (5./4)?, as shown in Fig. la.
Becauses <, it can be approximately consideredl, = [, and thenl, =
2(A/)"/?, where A is the area of the element. Finally, we obtain the
relationship between fracture energy Gy and tensile strength ft by

combining Egs. (9) and (10), i.e.,

GynE

Fo=\"s1,

: (€8]

where Gy is equal to Gy in the Rankine crack model.

The width at the initial position of the crack tip is used to establish
the relationship between the Rankine crack model and LEFM based on
Eq. (11). However, the changing trend of the width at the fracture tips of
the two models is different. The change of the width in the Rankine crack
model is linear, and it deviates slightly from LFEM, as shown in Fig. 2a.
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This results in a smaller crack width as defined by the Rankine crack
model than the corresponding crack width defined by Kj¢. The difference
between the linear tip and the LEFM tip can be expressed by

!
E:/ [at =" = a( = 125 4 1'2) | ax. a2
0
Leta = K /E, we have
—altpr _Lpr
E= a(zl 31 . (13)

According to this error function E, the difference between the two
models depends on the length of the crack tip and reaches a minimum
when the length is around 0.4 m (Fig. 2b). We thus use a mesh size of 0.2
m in our current numerical model, which guarantees that the error is
within an acceptable small range.

The numerical simulation can connect the solution domain of the
analytical solution of hydraulic fracturing based on the relationship
between the Rankine crack model and LEFM. This makes the results of
numerical simulation more reliable. A more outstanding advantage of
the Rankine crack model is that it is more suitable to simulate realistic
fractures than LEFM when the relationship between the strength and
fracture energy of the fracture is nonlinear.

2.2.2. Validation results
The analytical solution of the KGD model in the toughness domain is

K4 1/3 K 1/3
7o t) W= 0.6828< E%”) N
0

E Qot e
=0.9324 .
0.93 ( X )

Ppucure = 0.1831 (

14)

According to the relationship between ft and Gj¢ discussed in Eq. (11),
we select the parameters in Table 1 for FDEM model validation. The
fracture toughness corresponding to the numerical simulation parame-
ters (6.7 MPa) is smaller than that of LFEM (20.6 MPa). The fracture
height of the numerical simulation has a very good match with the
fracture height in the analytical solution (Fig. 3a). However, the width of
the hydraulic fracture in the numerical model is slightly larger than that
in the analytical solution at the initial stage because a short crack is
prefabricated in the FDEM model to initiate fluid injection (Fig. 3b and
d). This also results in a small difference in net pressure with the
analytical solution at the initial stage (Fig. 3c). The error of the nu-
merical model is within an acceptable range.

2.3. Model setup

2.3.1. Mechanical parameters and meshing

The numerical model for the current analysis is shown in Fig. 1d,
which has a dimension of 120 m x 110 m, representing a vertical section
in the subsurface with the in-situ stress boundary. The initial fracture is
set vertically (in the y-direction) in the middle of the model with a length
of 0.2 m for perforation. Two bedding interfaces are set horizontally and
symmetrically on both sides of the initial fracture. The distance between
the two bedding interfaces is 20 m. The length of the bedding interfaces
extends throughout to the model boundaries. For the convenience of
further reference, we denote the two sides of each bedding interface into

Table 1

The parameters for FDEM model validation.
Rock Strength, ft 10.58 MPa
Fracture energy, Gic 1350 N/m

Characteristic length, . 0.2m
Theoretical K¢ value 6.7 MPa-m®®
K¢ for validation 20.6 MPa-m %%

Young’s Module, E 32 GPa

Poison ratio, v 0.2

Injection rate, Q 1.0 x 10* m?/s
Viscosity of fracturing fluid, p lcp

Leak-off coefficient, C 1.0 x 102
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Fig. 3. Comparison between the results in FDEM and the analytical solution. (a) The height of fracture; (b) the width of fracture; (c) the net pressure; (d) the changes

of fracture width in the direction of fracture height.

an inner sub-bedding interface and an outer sub-bedding interface, ac-
cording to their relative position with respect to the injection point, as is
sketched in Fig. 1c. The contact between the inner and outer sub-
bedding interface is controlled by the Coulomb’s friction law. The
bedding interfaces have higher permeability than the matrix and a plate
laminar flow model is used for controlling fluid flow inside bedding
interfaces. The main controlling parameter of fluid flow is the hydraulic
conductivity, which is related to the permeability of bedding interfaces,
ie.,

_ kprg
Hy '

K (15)

where k is the intrinsic permeability of bedding interfaces, which is
defined ask = %; py is the density of the fluid; y is the fluid viscosity.
A detailed selection of parameter values for the bedding interfaces is
given in the following sections. In addition, all the rock matrices in the
model have the same properties. We use the parameters in the validation
model shown in Table 1 for the following simulation. The modeling
domain is discretized in a mesh of unstructured triangular elements of
different sizes (Fig. 1e). The mesh size for the rock matrix is 10 m and
that in the area around the bedding interfaces is 1 m. A mesh refinement
region is set around the initial fracture with a mesh size of 1 m. The mesh
size at the initial fracture tips is set to 0.2 m. As the fracture propagates,
the local adaptive mesh algorithm will take effect automatically to
maintain a fine mesh at a size of 0.2 m around the fracture tip. This mesh
size is selected according to the existing literature on the simulation of
similar hydraulic fracturing problems, which can guarantee the accu-
racy of simulation results and also limits the computational cost to an
acceptable range (Ju et al., 2019; Lisjak et al., 2017; Yan et al., 2016). By
doing this, the mesh dependency problem could be alleviated, and the
advantages of such a technique have been demonstrated in published

works (Profit et al., 2016a; Profit et al., 2016b) and ELFEN User and
Theory Manual (Rockfield, 2016).

2.3.2. Three bedding slip scenarios

When hydraulic fractures propagate vertically approaching the
bedding interfaces, the pressure (in the horizontal direction) in the hy-
draulic fracture (Fig. 1¢) may cause the slip of bedding interfaces under
certain conditions. There are three scenarios of slip conditions for the
bedding interface. In scenario 1, the bedding interface does not slip,
when the pressure in the hydraulic fracture is maintained less than the
frictional resistance of bedding interface during the crossing process of
hydraulic fracture. In Scenario 2, the slip is induced by the reduction of
effective normal pressure on the bedding interface after the hydraulic
fluid enters the bedding interface. This essentially occurs due to the
decrease of frictional resistance in the bedding interface. In scenario 3,
the pressure in the hydraulic fracture is greater than the frictional
resistance of the bedding interface in conditions without the rise of fluid
pressure in the bedding interface and thus results in a slip of bedding
interface before the fracture fluid entering the bedding interface. Fric-
tional resistance of bedding interface could be determined by the friction
coefficient and cohesion of bedding interfaces based on the Coulomb’s
friction law. We adjust the friction coefficient and fix the cohesion to
realize the above three slip scenarios.

To select appropriate friction coefficients, the stress state in each slip
scenario needs to be defined. The pressure in the vertical hydraulic
fracture is determined by

Pf =P+ Oy, (16)
where Py is the net pressure in hydraulic fracture; o, is the minimum

horizontal in-situ stress. According to the Coulomb’s friction law, the
condition for slip along the bedding interface should satisfy
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Pr22(0, — Py)p +2C. a7

Substituting Eq. (16) into Eq. (17) gives

Pm'l;z(o‘v - Plf)/’{ + 2C — Op, (18)

where ¢, is the vertical in-situ stress, p is the friction coefficient of the
bedding interface, C is the cohesion of bedding interface and Py is the
pore pressure in the bedding interface. Before the hydraulic fracturing
fluid enters the bedding interface, Pjis set to 0 MPa. When the hydraulic
fracturing fluid enters the bedding interface, the maximum pore pres-
sure in the bedding interface satisfiesPy = P;. Substituting the two Py
values into Eq. (17) gives the two critical friction coefficients, i.e.,

P, +0, —2C
et TOR T A

1
%0, I’ (19)

and

Puet + 0, —2C

P F0n =2C 20
2o, — 04— Pr) 20

pu<

where y, is larger thany,. In our numerical model, the in-situ stress of
0y, = 30 MPa and o, = 10 MPa is used as boundary loadings (Fig. 1c)
according to the field data. The cohesion is set to 3 MPa, which is within
the reasonable range of cohesion for bedding interface in shales. The
rock mechanics properties are the same as those used for model vali-
dation, so the net pressure P, at the position of bedding interfaces can
be obtained from the validation results and is 3.5 MPa. According to Eq.
(19) and (20), based on the value of in-situ stress, cohesive and P,,;, we
obtain the y; and u, as 0.12 and 0.21, respectively. If the friction co-
efficient 4 is larger than p, (0.21), the stress state cannot induce the slip
along bedding interface (Scenario 1). In Scenario 2, the bedding inter-
face slips due to the increase of fluid pressure in the bedding interfaces,
and the friction coefficient y should be somewhere between y; (0.12)
and y, (0.21). If y is smaller than u, (0.12), the slip of bedding interface
occurs before the fracture fluid enters the bedding interface
(Scenario 3).

2.3.3. Experiment design

To investigate the simultaneous effect of permeability and slip of
bedding interface on hydraulic fracturing, we arrange several numerical
cases with different permeability and slip scenarios, and all cases are
with the same injection parameters and stress state as the ones used for
model validation. The permeability of the bedding interface is evaluated
based on the statistical aperture size of natural fractures in shales.
Generally, the aperture of bedding interface is close to that of natural
fractures in a range from 1 pm to 87 mm (Ling et al., 2021; Vega et al.,
2015; Wang and Gale, 2016; Zou et al., 2016), which corresponds to a
variation of permeability from 0.08 D to 630 D. We use four perme-
abilities in our model, i.e., 1 D, 10 D, 50 D, and 100 D. Although the
selected values of permeability do not cover the whole range of realistic
permeability, the results of each case will be discussed in detail in terms
of pressure and fracture morphology and thus give sufficient references
to other possible permeability values. Three slip scenarios are prepared
using three friction coefficients — 0.35 (Scenario 1), 0.18 (Scenario 2)
and 0.08 (Scenario 3), according to the discussion in the previous sec-
tion. We speculate that in the case of Scenario 1 with low permeability,
the influence of bedding interface will be nearly negligible, and the
hydraulic fractures will propagate similarly to that in intact rocks; while
with the increasing permeability and decreasing friction coefficient, the
effect of bedding interface on hydraulic fracturing is expected to rise.
The parameter design of each numerical case is shown in Fig. 4.

3. Results

Our FDEM simulations have been conducted using the commercial
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Fig. 4. The experiment design for each numerical case.

ELFEN software (TGR4.0). For each model consisting of 20,898 linear
triangle elements, it takes ~ 400 min CPU time on a single core of the
Intel Xeon Gold 6230 CPU 2.10 GHz processor. Because of the model
setup, the simulated hydraulic fracture mainly propagates in the direc-
tion of ¢, (y-axis) and opens in direction of 6}, (x-axis). Fig. 5 presents the
hydraulic fracturing results in two extreme cases, i.e., Scenario 1 with 1
D permeability and Scenario 3 with 100 D permeability, which respec-
tively exhibits the crossing of hydraulic fracture over bedding interface
and the non-crossing phenomenon. For the models prepared, we
investigate and present the effect of bedding interfaces on the propa-
gation of hydraulic fractures by comparing the models with and without
bedding interfaces. The fracture height, slip displacement along bedding
interfaces, fracture width, and injection pressure in each case are eval-
uated. Also, the pressure along the bedding interfaces for each case is
analyzed to reveal the change of local stress during the contact between
hydraulic fracture and bedding interface.

3.1. Influence of bedding interface on fracture height

Here, fracture height is the length of hydraulic fracture in the y-di-
rection, i.e., the normal direction of the bedding interface (Fig. 5a). If
bedding interface hinders the propagation of hydraulic fracture, the
fracture height stops growth; thus the fracture height could reflect the
interaction between hydraulic fractures and bedding interfaces (crossing
or non-crossing). Due to the symmetry of hydraulic fracture in the y-
direction, we use the half-length of fracture height to characterize the
growth of hydraulic fracture. The half-length of fracture height in each
case increases with time, but deviates from each other when meeting the
bedding interface, i.e., at 10 m half-length (Fig. 6a). For the four cases in
Scenario 3, the hydraulic fractures propagate upwards and terminate at
the bedding interfaces (Fig. 6a). While in cases in Scenarios 1 and 2, the
growth of the height of hydraulic fractures pauses for a while and then
continues to increase after propagating across the bedding interfaces.

For cases in Scenario 3, the slip along bedding interfaces is the
dominant cause of the termination of hydraulic fracture at bedding
interface. While in the crossing cases, i.e., all the cases in Scenarios 1 and
2, the crossing time is more affected by the permeability of bedding
interfaces than the slip mode (Fig. 6b). In the crossing cases with 1 D
permeability, the height of hydraulic fracture grows slightly slower than
the case without bedding interfaces (black line). While in the crossing
cases with higher bedding interface permeability (larger than 1 D), the
hydraulic fractures suspend at the bedding interface for nearly 150 s and
then continue to propagate and cross over the bedding interface. Finally,
the fracture height in all crossing cases with bedding interface almost
reaches the same value as that in the case without bedding interface
(Fig. 6¢). The above results demonstrate that although the permeability
of bedding interfaces can impede the growth of fracture height for a
certain time, it will not prevent the final growth of hydraulic fractures.
Additionally, compared with the case without bedding interface, the
hydraulic fractures in the cases with bedding interfaces have an accel-
erated growth speed after crossing the bedding interfaces, as is
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Fig. 5. Hydraulic fracturing results in two extreme cases (compressive negative sign convention is used for stress visualization).
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Fig. 6. The growth of fracture height versus time. The slip of bedding interface (Scenario 3) stops the growth of hydraulic fractures. The crossing time of hydraulic
fractures through the bedding interfaces is controlled by the permeability of bedding interface.

manifested by the relatively larger slopes of fracture height with respect
to time (Fig. 6a).

3.2. Slip displacement along bedding interface

Fracture morphology can be used for optimizing hydraulic fracturing
and has been discussed in many studies related to the propagation of
hydraulic fractures (Lecampion et al., 2018; Tang and Wu, 2018; Wu
et al., 2019; Xu et al., 2019). The slip displacement along bedding

interfaces induces the difference of fracture width at the position be-
tween the inner and outer bedding interfaces, thus bringing a disconti-
nuity outline of the fracture morphology. We present detailed changes in
fracture morphology in this section. Fig. 7a-c sketch the outlines of
fracture morphology represented by the fracture opening over the di-
rection of fracture height beginning from the injection point. We only
present the fracture morphology in three scenarios with 1 D bedding
interface permeability, because other cases in the corresponding slip
scenario show a proximate fracture morphology.
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Scenario 2 and Scenario 1 versus time.

In the crossing cases (Scenarios 1 and 2), the relative slip distance
between the inner and outer bedding interface, defined as the difference
of fracture opening, reaches its maximum when the hydraulic fracture
just crosses the bedding interface (Fig. 7d). Then, the relative slip de-
creases gradually and reaches a stable value (Fig. 7d), which is similar to
a healing process for eliminating relative slip. However, relative slip in
the non-crossing cases (Scenario 3) increases gradually over time due to
the continuous opening of hydraulic fracture (Fig. 7c), in which such a
healing process of relative slip is absent. Among the crossing cases
containing a healing process, the relative slip in Scenario 1 with 100 D
permeability exhibits a quite different value from that in other cases. We
calculate the difference in terms of relative slip between Scenario 1 and
Scenario 2 for cases with the same permeability using the relative slip in
Scenario 2 minus that in Scenario 1. The difference presented in Fig. 7e
reveals that in the case with 1 D permeability the result is negative,
which means that the relative slip in Scenario 2 is smaller than that in
Scenario 1. The difference is close to O in the case with 10D

permeability. The relative slip in Scenario 2 is large than that of Sce-
nario 3 in the case with 50 D and 100 D permeability. Particularly, in the
case with 100 D, there is a large difference in the relative slip between
Scenario 2 and Scenario 1. Previous studies claimed that the influence of
bedding interface on fracture morphology is similar to that of higher
fracture toughness on rock, which leads to a wider fracture width and
shorter fracture length (Xu et al., 2019). Our numerical results demon-
strate a more detailed influence of bedding interface on fracture
morphology. In the process of hydraulic fracture propagation, larger
relative slips appear at the bedding interface for the lower permeability
cases, and the reservoir shows higher “fracture toughness”. In contrast,
smaller relative slips appear in the high permeability cases, which means
the reservoir has an insignificant improvement of “fracture toughness”.

3.3. Fracture width and pressure at injection point

Fracture width and pressure at the injection point are commonly
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slowly weakens, which is similar to the gradual decrease of relative slip
shown in Fig. 7d.

Fig. 9 presents the pressure profile at the injection point. In Sce-
nario 3, when the bedding interface starts to slip, the pressure increases
linearly; the smaller the permeability is, the higher the pressure would
be (see inset of Fig. 9). In Scenarios 1 and 2, the pressure decreases
slightly until the hydraulic fracture crosses over the bedding interface.

10

Fig. 9. Evolution of pressure at the injection point.

After that, the pressure increases and converges to the pressure in the
case without bedding interface. During the crossing process of hydraulic
fracture, the duration time of pressure fluctuation is short, and the
fluctuation amplitude is small (inset of Fig. 9). The pressure curves in the



S. Wu et al.

Computers and Geotechnics 148 (2022) 104801

15 . 15 . 15 .
Scenario 1 Scenario 2 Scenario 3
g g g
=10 Attenuation length =10 =10
o — o o
=) =} =)
[2] 172 [2]
(7] 17} (7]
Q5 L 5 ﬂ 0 5 /:\
o o o
0 ] } 0 0
59 60 61 59 60 61 59 60 61
X-axis (m) X-axis (m) X-axis (m)
(a)1D
15 . 15 . 15 .
Scenario 1 Scenario 2 Scenario 3
g g g
§10 S 10 §10
Q [0 (%]
E] 5 5
[7] (7} 7]
[%] 17} [%]
2 5 Q5 2 5
a o a
zn A j\
0+t t 0 0
59 60 61 59 60 61 59 60 61
X-axis (m) X-axis (m) X-axis (m)
(b) 10D
15 . 15 . 15 .
Scenario 1 Scenario 2 Scenario 3
g g g
s 10 S 10 s 10
(0] (0] [0
g 5 2
[72] 1] [7]
7] 1] (7]
0 5 0 5 0 5
o o o
55m
0 t 0 0
59 60 61 59 60 61 59 60 61
X-axis (m) X-axis (m) X-axis (m)
(c)50D
15 . 15 . 15 .
Scenario 1 Scenario 2 Scenario 3
g g g
s 10 =10 310
[0} (0] [0}
5 5 5
[72] w [2]
[%2] wn %]
© 5 0 5 2 5
o o o
10 m
0 0 0
59 60 61 59 60 61 59 60 61
X-axis (m) X-axis (m) X-axis (m)
(d)100D

Fig. 10. Pressure distribution along bedding interface for models with different slip scenarios and bedding interface permeability. Please note that the location of the
injection point is at x = 60 m, so the position of the intersection of the hydraulic fracture and the bedding interface is also roughly at x = 60 m.
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cases of Scenario 1, Scenario 2, and in the case without bedding inter-
face, almost coincide.

The change of fracture width and pressure at the injection point can
reflect whether the bedding interface slips and hydraulic fractures cross
over the bedding interfaces. However, it is difficult to identify how the
bedding interfaces affect the propagation of hydraulic fracture, because
in Scenarios 1 and 2, the difference of fracture width and pressure at the
injection point between the cases with and without bedding interface is
small.

3.4. Pressure distribution along bedding interface

When hydraulic fluid enters bedding interfaces, an increase of
pressure inside bedding interfaces could be observed. The distribution of
fluid pressure inside bedding interfaces could reveal how the perme-
ability of bedding interfaces affects hydraulic fracture propagation. We
show the pressure along the bedding interfaces in Fig. 10 at the two
typical time stamps, i.e., when the hydraulic fracture just crosses over
the inner interface (green line), and when the hydraulic fracture just
crosses over the outer interface (red line). In Scenarios 1 and 2, the
pressure witnesses a clear rise between the two typical time stamps. For
Scenario 3, since the hydraulic fracture cannot cross over the outer
interface, the red line reaches a stable value when the hydraulic fracture
touches the bedding interface, and eventually results in a higher pres-
sure than that in cases where hydraulic fracture can cross over the outer
interface. In all cases with lower permeability (e.g., 1 D and 10 D), the
peak value of the pressure (at the time when the hydraulic fracture
crosses the inner bedding interface, green line) in Scenario 3 is less than
that in Scenarios 1 and 2, while such pressures in Scenarios 1 and 2
approximately reach the same value. In all cases with higher perme-
ability (e.g., 50 D and 100 D), the peak pressure (green line) displays the
following order for the three scenarios: Scenario 3 > Scenario 1 > Sce-
nario 2. The peak values of the red lines in Scenarios 1 and 2, which
represent the pressure when crossing over the outer interface, are higher
than the stable pressure in Scenario 3. It is difficult to explain how the
permeability of bedding interface affects the pressure because the slip
scenario of bedding interface also disturbs the value of pressure.
Nevertheless, the distribution of fluid pressure, which is horizontally
symmetric with respect to the intersections between the hydraulic
fracture and bedding interface, shows a close relationship with the
permeability of bedding interfaces. The attenuation of pressure on the
bedding interface spans a certain length. From the results shown in
Fig. 10, this attenuation length is controlled by the permeability of
bedding interfaces: 0.6 m attenuation length corresponds to the
permeability of 1 D, 2m to 10 D, 5.5 m to 50 D, and 10 m to 100 D. The
various slip scenarios affect the attenuation length slightly in the cases
with the same permeability. The cases in Scenario 3 have the shortest
attenuation length, which signifies that the slip of bedding interface
inhibits the transmission of pressure on the bedding interface.

The attenuation length of pressure on the bedding interface is
limited, which can be explained by the pressure distribution in plate
laminar flow. According to the formula of pressure distribution for plate
laminar flow

kA dP

u 2D

0 =

(where Q is the fluid rate; k is the permeability; A is the aperture of the
plate; p is the fluid viscosity; dP/dx represents the distribution of pres-
sure along the plate), the attenuation length of pressure is related to the
permeability of bedding interface and the pressure at the contact posi-
tion of bedding interface and hydraulic fracture. The pressure on the
contact position is approximately proportional to the net pressure in the
hydraulic fracture, and it is large near the injection point and remains at
a relatively steady low value far away from the injection point. There-
fore, the pressure at the contact position is nearly the same when the
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contact position is far away from the injection point, which indicates
that the permeability of bedding interface mainly controls the attenua-
tion length of pressure on the bedding interface.

If the length of bedding interface is shorter than the attenuation
length, fracturing fluid will flow out of the boundary of the model,
yielding the possibility for the hydraulic fracture to cross the bedding
interface. When the permeability of bedding interface is greater than
1 D, the attenuation length reaches meter level. Since it is easy for the
fluid to flow out of the boundary in a meter-scale physical laboratory
experiment, it is difficult to observe hydraulic fracture crossing over the
bedding interface in rocks with highly permeable bedding interfaces in
the laboratory. It should be noted that the reason for the failure of
bedding interface crossing lies in the flowing out of fluid in the system,
rather than the high bedding interface permeability. Therefore, under
reservoir conditions where no boundary exists for fluid to flow out, the
high bedding interface permeability is not responsible for the prevention
of hydraulic fractures from crossing over the bedding interface.

4. Discussions
4.1. Stress shadow

Stress shadow is an area in reservoir rocks where the initial in-situ
stress state is affected by hydraulic fractures (Nagel et al., 2013;
Taghichian et al., 2014). In the process of multi-cluster hydraulic frac-
turing, stress shadow is the main causing factor of fracture interference
(Liu et al., 2020; Yang et al., 2020), which could yield uneven propa-
gations of hydraulic fractures and weaken the effectiveness of hydraulic
fracturing. Therefore, it is important to monitor fracture interference
during multi-cluster hydraulic fracturing. The fracture interference is
usually monitored by observing the pressure at injection point. Our re-
sults show that the change of injection pressure is small in the cases
when hydraulic fracture could cross over the bedding interface. How-
ever, large changes in stress can occur on bedding interface in reservoirs
where the stress shadow also changes a lot. To illustrate this, we define a
parameter to quantify the effect of stress shadow. Generally, the opening
direction of hydraulic fracture follows the direction of minimum in-situ
stress, and the stress shadow in this direction is usually larger than that
in the fracture propagation direction. Therefore, we define the param-
eter based on the minimum in-situ stress as

_ Oy + On_initial

R (22)

O _initial

A higher R value indicates a stronger stress shadow that could lead to
more serious fracture interference.

In intact rock, the stress shadow attenuates rapidly in areas far away
from hydraulic fractures. The ratio R of stress shadow is less than 0.4 in
areas about 30 m away from the fracture in oy, direction (Fig. 11a). For
the rock containing bedding interfaces, we use the cases with 1D
permeability under the three slip scenarios to display the stress shadow
(Fig. 11b, c and d), because different bedding interface permeability has
little influence on stress shadow. In Scenarios 1 and 2, the stress shadow
in the middle layer is larger than that in areas outside the bedding
interface (Fig. 11b and c). In Scenario 3, the stress shadow increases
continuously in the middle layer and spreads away from the hydraulic
fracture, resulting in a large area of stress relief outside the bedding
interface (Fig. 11d). In essence, the area of stress shadow depends on the
width of hydraulic fractures. When the width is large, the hydraulic
fracture poses a greater pushing pressure on the surrounding medium
and forms the stress shadow. In the case in Scenario 3, the width of
hydraulic fracture keeps increasing in the middle layer, causing a large
area of stress shadow (Fig. 11d). However, under the conditions of
Scenarios 1 and 2, the width of hydraulic fracture over time converges to
that of the case without bedding interface. This indicates that the stress
shadow caused by bedding interface is comparable to that in the case
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Fig. 11. The stress shadow in each case. The permeability of bedding interfaces in (b), (c), and (d) is 1 D.

without bedding interface. Therefore, under the conditions of Sce-
narios 2 and 3, the influence of stress shadow can be reduced by frac-
turing a single cluster fracture with sufficient time to eliminate the
influence of bedding interfaces on the width of hydraulic fracture. We
also need to pay attention to the fracture interference caused by fluid
pressure. According to the distribution of fluid pressure on bedding
interface (Fig. 10), larger fracture interference may be caused by the
fluid pressure on bedding interface when multiple fractures propagate
towards the bedding interface altogether. The fluid pressure can inter-
fere between adjacent hydraulic fractures through bedding interfaces if
the space between hydraulic fractures is less than the attenuation length
of pressure on bedding interface.

4.2. Limitations

The slip scenarios of bedding interface in this paper are universal,
and it is thus unnecessary to consider the influence by analyzing mul-
tiple parameters that control the slip (i.e., cohesive stress and friction
coefficient). However, in the process of field hydraulic fracturing, the
slip scenario of bedding interface is more complicated, and the three
scenarios examined in this paper may occur simultaneously. Two
possible reasons for this are as follows. First, the fluid pressure in hy-
draulic fracture is large near the injection point and gradually reaches a
stable value when moving away from the injection point. Therefore, the
slip scenario of bedding interface near the injection point is more likely
to be Scenario 3, and that in places far away from the injection point
may be Scenario 1 or 2. Second, the cohesive stress and friction of the
bedding interface are heterogeneous in nature and can also result in a
combination of the three scenarios. In our model, the opening of bedding
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interfaces is kept constant during the slip. The process of slip may affect
the opening of bedding interfaces and further affect the parameters such
as permeability, cohesion stress, and friction coefficient of bedding
interface, resulting in a complex slip scenario. In addition, the distri-
bution of fluid pressure on bedding interface is more complex than that
calculated based on the plate laminar flow. In the current model, the
complex distribution of fluid pressure on bedding interface cannot be
obtained. Nevertheless, our numerical experiment gives universal rules
based on the fundamental scenarios, which is beneficial to reveal the
mechanism of the influence of bedding interfaces.

The result of our numerical simulation shows only two types of
interaction between hydraulic fracture and bedding interface, i.e., (i)
hydraulic fractures cross over bedding interfaces, and (ii) hydraulic
fracture terminates at bedding interface. This is because we use the same
strength of rock and in-situ stress on both sides of the bedding interface.
The maximum concentration of stress occurs at the point where hy-
draulic fracture meets the inner interface, so the hydraulic fracture
continues to cross the outer bedding at the same point. The current
model is difficult to explain the occurrence of stepped fractures in lab-
oratory experiments (Tan et al., 2017). The stepped fracture occurs
when hydraulic fracture crosses over the outer interface at a distance
away from the intersection between hydraulic fracture and the inner
bedding interface. This may have appeared due to the anisotropy of
bedding interface permeability that was not considered in our model.
Another possibility may lie in the weak point in the strength of rock
along bedding interface. When the local stress is greater than the
strength of rock at the weak point, the hydraulic fracture crosses over
the outer interface preferably at the weak point.

The last point is that the KGD model (i.e., the plane strain two-
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dimensional model) is suitable for explaining the hydraulic fracture
propagation phenomenon when the height of fracture is larger than the
length. The two-dimensional model in this paper does not consider the
influence of bedding interfaces on fracture length. In the three-
dimensional model, the slip of bedding interface leads to a competi-
tive relationship among the width, height, and length of fracture, which
is more complicated than the two-dimensional model. Nevertheless, the
slip scenarios of bedding interface proposed in our paper are applicable
in three-dimensional cases. It is valuable to classify different slip sce-
narios of bedding interface when we study the crossing process of hy-
draulic fracture through bedding interface.

5. Conclusions

In this paper, we have used the combined finite-discrete element
method (FDEM) to investigate the characteristics and mechanisms of the
propagation of hydraulic fractures considering the influence of slip and
permeability of bedding interfaces. We have analyzed the relation of the
parameters between the Rankine crack model in FDEM and the fracture
model in linear elastic fracture mechanics. Furthermore, we have vali-
dated the numerical results of hydraulic fracturing in the toughness
domain with the analytical solution of the KGD model. The results show
that the FDEM model can appropriately simulate the process of hy-
draulic fracture propagation in the toughness domain. We set up three
bedding interface slip scenarios based on the Coulomb’s law of friction
and compare the propagation of hydraulic fractures with different
bedding interface permeabilities.

Our results show that when the strength of rock and in-situ stress on
both sides of the bedding interface are the same, the slip of bedding
interface determines whether the hydraulic fracture can cross over the
bedding interface. If the bedding interface slips, the slip displacement
relieves the stress concentrated at the tip of hydraulic fracture, and the
hydraulic fracture is unable to cross over the bedding interface. The
permeability of bedding interface only prolongs the time for hydraulic
fractures to cross through the bedding interface, but does not prevent the
crossing behavior. Bedding interface has a relatively simple effect on the
crossing mode and the morphology of the resulting hydraulic fractures,
while they could cause huge changes of fluid pressure and local stress
along the bedding interface. Therefore, a more serious fracture inter-
ference phenomenon occurs when multi-cluster fracturing is performed
in reservoirs with bedding interfaces. How to control the propagation of
multi-cluster fractures to alleviate the interference under different slip
scenarios and different bedding interface permeabilities, and how to
determine a reasonable stage spacing and cluster spacing for the frac-
turing of the reservoir with abundant bedding interfaces are important
problems for future work.
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