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Fracture geometry is important when stimulating low-permeability reservoirs for natural gas or oil
production. The geological layer (GL) properties and contrasts in in-situ stress are the two most
important parameters for determination of the vertical fracture growth extent and containment in
layered rocks. However, the method for assessing the cumulative impact on growth in height remains
ambiguous. In this research, a 3D model based on the cohesive zone method is used to simulate the
evolution of hydraulic fracture (HF) height in layered reservoirs. The model incorporates fluid flow and
elastic deformation, considering the friction between the contacting fracture surfaces and the interaction
between fracture components. First, an analytical solution that was readily available was used to validate
the model. Afterwards, a quantitative analysis was performed on the combined impacts of the layer
interface strength, coefficient of interlayer stress difference, and coefficient of vertical stress difference.
The results indicate that the observed fracture height geometries can be categorized into three distinct
regions within the parametric space: blunted fracture, crossed fracture, and T-shaped fracture.
Furthermore, the results explained the formation mechanism of the low fracture height in the deep shale
reservoir of the Sichuan Basin, China, as well as the distinction between fracture network patterns in
mid-depth and deep shale reservoirs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 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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1. Introduction this time, it is unclear how to accurately predict the growth of HFs

in layered formations.

A key task in the massive hydraulic fracturing process was
predicting the geometry and properties of hydraulically produced
fractures. Early models, which were primarily two-dimensional or
radial, lacked consideration for height growth through layered rock
systems, resulting in a simplified representation of fractures
(Perkins and Kern, 1961; Geertsma and De Klerk, 1969; Nordgren,
1972). In contrast to fracture shapes observed in homogeneous
single lithologic reservoirs, hydraulic fracture (HF) in layered for-
mations is considerably more complex due to the influence of
multiple factors such as in-situ stress, interlayer lithology, and
interface conditions (Li et al., 2020; Luo et al., 2022; Yan et al., 2019,
2021; Zhang et al., 2022; Huang et al., 2023a; Zou et al., 2016a). At
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In an effort to establish methods for predicting the growth of HF
in layered formation, numerous studies have been conducted. In
terms of theoretical models, Simonson et al. (1979) established a
mathematical model of layered media based on linear elastic frac-
ture mechanics. It turned out that the stress factor in the fracture
tip was tending to be positive infinity when HF growth from low
modulus to high modulus was predicted to be suppressed. How-
ever, van Eekelen (1982), Ahmed (1984), and Fung et al. (1987)
argued that the vital factor of fracture height was the stress dif-
ference between layers, and the modulus difference was not critical
for the fracture penetration into layers. Smith et al. (2001) studied
how the modulus difference between layers influenced fracture
propagation by influencing the fracture width and fluid pressure in
fracture, which influenced the fracture height in an indirect way.
Chuprakov and Prioul (2015) established 2D numerical models
containing T-shape fractures to study the influence of interface
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Fig. 1. Predefined cohesive zone demonstration for either HF or GL (Chen et al., 2017).

properties on fracture propagation in the vertical direction and
predicted slippage displacement of the fracture tip as well as an
increase in the volume of fracture. And critical conditions and
critical pressure for fracture penetration into the interface were
given. Later, Guo et al. (2018) and Zheng et al. (2022) created a
model for a T-shape fracture and used a pressure drop model to
study the three-dimensional shape of HF propagation. Oyedokun
and Schubert (2017) established a mathematical model for multi-
layer anisotropic layered media using the energy conservation
method and proposed the concept of effective fracture toughness.
Zhang and Jeffrey (2008) and Yan and Yu (2022) studied an HF
crossing a natural fracture and included full coupling in 2D with
friction. Huang and Liu (2018) established a three-dimensional
model considering the effects of longitudinal fluid flow, fluid
filtration, and bedding and obtained the criterion for HF penetra-
tion through bedding. Fu et al. (2018) and Xing et al. (2017)
established an analytical model for the vertical propagation of HF
and studied the effect of interface properties and in-situ stress on
the vertical propagation of HF.

In terms of physical simulation, Warpinski et al. (1982) and
Teufel and Clark (1984) have shown that the interfacial shear
strength and the minimum horizontal stress difference between
layers were the most critical parameters for controlling fracture
propagation. When the in-situ stress difference between layers was
2—3 MPa, it was enough to prevent the HF from extending in the
height direction. Jeffrey and Bunger (2007) used PMMA transparent
material to carry out true triaxial laboratory experiments and
studied the vertical propagation characteristic of HFs under
different interlayer stress conditions. Xing et al. (2018a) summa-
rized four fracture patterns. Goldstein and Osipenko (2015) studied
the effect of interfacial friction characteristics on the propagation
pattern of dry fractures. It was found that the interface slipped
when the fractures extended into the frictional interface, and the
larger the inclination angle of the interface, the larger the slip
distance. Fu et al. (2016) also observed a similar phenomenon by
conducting laboratory true triaxial hydraulic fracturing experi-
ments. Tan et al. (2023) carried out hydraulic fracturing physical
simulation experiments in coal-measure strata and found that the
vertical expansion of HFs tended to show the characteristic of
asymmetric expansion. Aiming at the fracture height growth
behavior of layered shale reservoirs, Hou et al. (2019), Zhang et al.
(2019), Huang et al. (2022, 2024) and Li et al. (2018) have found
that the bedding plane has a significant influence on the process of
fracture height growth through laboratory experiments. By
analyzing a large number of hydraulic fracturing experiments, Tan
et al. (2017) summarized and obtained four typical HF geometry
types in vertical direction: simple transverse fracture, fishbone-like
fracture, fishbone-like fracture connecting natural fracture (NF),
and multilateral fishbone-like fracture network.

In terms of numerical simulation, Huang et al. (2019, 2020,
2023b), Zhang et al. (2017, 2019, 2020), Zhou et al. (2016), He et al.
(2023) and Wang et al. (2017) used the discrete element method to
establish the fluid—solid coupling model of multi-layer fracturing.
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The study showed that the vertical heterogeneity of layered rock
seriously affected the extension path of HF. Xing et al. (2018b) used
the lattice method to simulate the interaction mechanism between
HF and GL. Zou et al. (2016a) established a HF propagation model of
a three-dimensional layered stratum by a numerical method
combining finite elements and discrete elements and studied the
effects of anisotropy and construction parameters on the three-
dimensional extension of HF and injection pressure. Tang and Wu
(2018) studied the penetration behavior of HF in multilayer me-
dia using the three-dimensional displacement discontinuity
method. Zhu et al. (2015) and Li Y. et al. (2017) used the cohesive
zone method to establish a hydraulic fracturing model for layered
sandstone reservoirs and studied how the difference in in-situ
stress and physical properties between layers influenced the frac-
ture shape and the size of fractures under fluid-solid coupling
conditions. However, the GL in their model was assumed to be well
cemented. Using the same numerical method, Chen et al. (2017)
and Haddad (2017) studied the interaction mechanism between
HF and NF. At the same time, Guo et al. (2017) used the typical shale
gas well in the field as an example to simulate the 2D interaction
mechanism between HF and GL and analyzed the influence of
geological and engineering parameters on the fracture propagation
law and the fracture width. Ouchi et al. (2017) established a
peridynamics-based hydrodynamic fracturing model, studied the
propagation behavior of HFs in a vertical direction, and obtained
three types of HFs: penetration, kinking, and bifurcation. The re-
sults were consistent with the experimental results of Altammar
et al. (2019).

The GL was a unique structure for the layered formations. When
the HF extended to weakly cemented surfaces, the fracture geom-
etry and the pressure inside the fracture could change significantly,
which had an important influence on the height propagation
behavior. In the above studies, physical simulation studies (Tan
et al.,, 2017; Zou et al., 2016b; Zhang et al., 2019; Han et al., 2024)
were mostly qualitative and lacked quantitative characterization.
The fracture height prediction model (Fung et al., 1987; Zhao et al.,
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Fig. 2. Bilinear cohesive traction separation law.
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2013) assumed that the GL was well cemented or ignored the
interface frictional slippage. At the same time, since the HF exten-
sion was a three-dimensional expansion process, the fracture
length and the fracture height changed simultaneously. At present,
two-dimensional models for studying fracture height growth are
dominant (Gu et al., 2012; Zhao and Chen, 2010; Liu and Valko,
2015), which ignored changes in the length of the fracture, result
in high fracture height prediction results, and cannot effectively
guided the optimal fracturing design. Therefore, a need exists to
study the intersection mechanism of HF and GL in three-
dimensional space and to explore the fracture propagation
behavior under simultaneous changes in fracture height and frac-
ture length.

In this paper, a three-dimensional HF propagation numerical
model that includes interface friction characteristics was estab-
lished based on the cohesive zone finite element method. The
competitive propagation behavior of HFs in the length, width, and
height direction was studied. The influences of interface strength
and in-situ stress on the intersection of HF and GL were quantita-
tively characterized, and a controlling chart was formed to grasp
the mechanism of HF initiation and vertical penetration in layered
reservoirs. Finally, the results of this paper provided a scientific
explanation for the formation mechanism of fracture geometry of
deep and mid-depth shale reservoirs in the Sichuan Basin, China.

2. Basic theory

In this study, a 3D model using the cohesive zone method was
established to study the height growth behavior of HF encountering
GL. This model combines several physical processes: (1) fracture
propagation, (2) fluid flow within the fractures, and (3) rock
deformation near fractures. A cohesive pore pressure element was
used to simulate fluid flow and 3D fracture propagation. Based on
this model, the interaction of HF and GL, as well as their mor-
phologies, could be modeled.

Both HF and GL were simulated by the cohesive zone finite
element. The cohesive zone model requires pre-defining the frac-
ture surface of HF and GL, which consist of cohesive parts that
adhere to the traction-separation behavior. The HF would extend
along this pre-defined path during the simulation stage, as shown
in Fig. 1 (Chen et al,, 2017). Initially, the cohesive fracture is un-
broken and closed. With the injection of fracturing fluids, the
cohesive element is pressurized, and the traction increases. The
cohesive fracture tip began to be damaged as the traction on the
fracture surface reached the cohesive strength Tp,.x and the sepa-
ration reached the critical value d¢ (see Fig. 2). And then material
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Fig. 3. Illustrations of the HF and GL intersection model.
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Table 1

Input parameters for benchmark case.
Parameter Value
Young's modulus E, GPa 5
Poisson's ratio » 0.25
Vertical stress oy, MPa 5
Maximum principle horizontal stress oy, MPa 3
Minimum principle horizontal stress ¢y, MPa 1
Injection rate Q, m>[s 10-¢
Fluid viscosity u, Pa-s 0.3
Tensile strength T, MPa 0.5

Aperture,
10-*m

1.0
I 0.9
0.8
0.7

0.6
0.5
0.4

0.3
0.2
0.1
0

Fig. 4. Aperture of HF in the verification case.

degradation occurs until the material fracture tip fails completely as
the traction and separation reached zero and critical value ds,
respectively. After the cohesive element is broken, fracturing fluids
enter the damaged zone.

2.1. The cohesive law

In this paper, a bilinear cohesive traction-separation law was
used in the model, as illustrated in Fig. 2. The quadratic interaction
function involving the nominal stress ratios equaled 1 when the
damage was about to happen, which could be expressed as
(Abaqus, 2014)

2 2 2
(o) +{mpes) (oo} =1 1
On Ts Tt

where ¢®*, 7", and 7" are the peak values of the nominal
stress when the deformation was normal to the interface, in the
first and second shear directions in 3D problems, respectively. The
Macaulay brackets <-> signify that a pure compressive deforma-
tion or stress state did not cause damage.

After fracture initiation occurred, the Kenane—Benzeggagh
fracture criterion (Kenane and Benzeggagh, 1997) was utilized to
model fracture propagation with continuous rock damage. This
criterion assumed that the critical fracture energies along the first
and second shear directions were the same, which could be
expressed as:

Gs + Gt n
C C C S C
Gy + (GS Gn) {Gn G Gt} =G (2)
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(a) Net fluid pressure profile (b) Fracture aperture profile
Fig. 5. Comparison for the simulated and analytical solutions.
Table 2
Input parameters for simulation examples.

Category Parameter Value

Reservoir layer Young's modulus Eg, GPa 14.5
Poisson's ratio vg 0.15
Vertical stress oy g, MPa 10-20
Minimum principle horizontal stress oy g, MPa 10-18
Maximum principle horizontal stress oy g, MPa 20

Cohesive zone in reservoir layer Normal nominal stress t, g, MPa 3
1st shear nominal stress ts g, MPa 30
2nd shear nominal stress tcg, MPa 30
Normal fracture energy Gn g, Pa-m 100
1st shear fracture energy Gsg, Pa-m 3000
1st shear fracture energy Gg, Pa-m 3000

Barrier layer Young's modulus Eg, GPa 34.5
Poisson's ratio vg 0.2
Vertical stress gy, MPa 10-20
Minimum principle horizontal stress oy, g, MPa 10-18
Maximum principle horizontal stress oy 5, MPa 20

Cohesive zone in barrier layer Normal nominal stress t, g, MPa 6
1st shear nominal stress tss, MPa 60
Normal nominal stress t; g, MPa 60
Normal fracture energy G, g, Pa-m 200
1st shear fracture energy Gsp, Pa-m 6000
1st shear fracture energy Gp, Pa-m 6000

where 7 is a material parameter; G, Gs, and G; are the fracture

energies in the normal, the first and second directions, respectively.

2.2. The fluid flow

qc = ce(p; — P)

Gp = Cp(Pi — Pb) )

{

where ¢ and cy, define the corresponding fluid leak-off coefficients;
pi is the fluid pressure within the cohesive element gap; p; and pp

The fluid was hypothesized to be incompressible. Newtonian
fluid and fluid flow comprise tangential flow within the fracture
and normal flow across the fracture. The lubrication equation,
which was derived from Poiseuille’s law, governed the tangential
flow.

3
w
=—V,
1=13,"P (3)
where q is the fluid flux of the tangential flow; Vp is the fluid
pressure gradient along the fracture; w is the fracture opening; u is
the fluid viscosity.
The normal flow was defined as (Abaqus, 2014)
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are the pore pressures on the top and bottom surfaces, respectively;
gt and gp are the normal flow rates into the top and bottom surfaces
of the cohesive elements, respectively, which reflect the leak-off
through the fracture surfaces into the adjacent porous and
permeable rock material. For the impermeable rock in this paper,
there was no leak-off and q¢ = q, = 0.

2.3. The contact friction

Fictional sliding would occur over the contacting fracture sur-
faces if the magnitude of the frictional shear stress, 75, reached the
frictional shear strength. The Coulomb friction law with a shear
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(c) Crossed fracture

Fig. 6. Typical fracture geometry after simulation.

stress limit, Tmax, Was applied to the failed but contacting surfaces
of the fracture in shear or mixed mode, where the shear slippage
occurred when the relationship is as follows:

N0n  (Mon < Tmax)

(5)

el ={

where 7 is the coefficient of friction; and ¢, is the normal contact
stress.

Tmax  (M0n > Tmax)
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3. Model construction and validation
3.1. Model construction

A two-layered model consisting of upper and lower layers with
weak interfaces between them is established. A pre-existing HF is
defined as oriented orthogonal to the interface. In order to improve
the computational efficiency and convergence of the three-
dimensional model (Haddad and Kamy, 2016), the model was set
to laboratory scale (30 cm x 30 cm x 15 cm), as shown in Fig. 3. The
model is symmetrical with respect to the x—z plane. In the model,
the lower medium is a reservoir rock, and the upper medium is a
barrier rock layer. The injection point is positioned in the lower
reservoir formation of the HE. An incompressible Newtonian fluid is
then injected at a consistent pumping rate. As a result, the HF is
initiated and propagates hydraulically due to the pressure exerted
by the fluid. The boundary planes are subjected to constant
displacement boundary conditions in this model.

Due to the tiny size of the model and its brief period of frac-
turing, the leakage of fracturing fluid is ignored and the interaction
between pore fluid and solid in bedrock is not taken into account.
The model is discretized into a rock domain with 46,410 elements
(8-node linear brick). The HF and GL are defined by 16,874 elements
(12-node displacement and pore pressure, three-dimensional
cohesive element). The meshes in the vicinity of the HF and GL
are refined to improve the calculation accuracy and the convergent
validation. The model utilizes two arrays of cohesive components
to simulate the HF and GL. These arrays are blended together to
ensure that the injected fluid flows in a transverse and perpen-
dicular manner to the fracture routes (Chen et al., 2017; Haddad
and Kamy, 2016).

3.2. Model verification

The reliability and accuracy of the cohesive zone method for
modeling multiple fracture propagation have been verified by
previous studies (Chen et al., 2017; Haddad and Kamy, 2016; Feng
and Gray, 2018). In this part, the model's reliability is bench-
marked against a relevant analytical solution before simulating the
interaction behavior between HF and GL. The verification problem
involves a circular HF propagating of homogeneous rock in a
viscosity-dominated regime with no leak-off (Savitski and
Detournay, 2002). The domain's dimensions are
30 cm x 30 cm x 15 cm. The specific input parameters are shown in
Table 1.

Fig. 4 shows a visualization of the fracture aperture when the
radius has attained 0.0524 m. The net fluid pressure profile and
fracture aperture profile are depicted in Fig. 5. Fig. 5 also includes
an analytical benchmark from Savitski and Detournay (2002). The
compared results exhibited high consistency, with a minor variance
in the vicinity of the HF tip. The mismatch observed at a short
distance near the fracture tip can be attributed to the fact that the
numerical source had a limited size, in contrast to the assumption
made in the analytical solution that it was a point source. Near the
leading edge, the finite initial aperture allows seepage ahead of the
fracture tip. By contrast, the theoretical solution proposed by Zhang
and Dontsov (2018) had no initial aperture and therefore no
seepage.

4. Results and analysis

Based on the simulation model established above, the HF height
growth behavior penetrating GL was investigated. The specific
simulation parameters are shown in Table 2. This paper focused on
the law of height growth under the combined influence of GL
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Fig. 7. Evolution of T-shaped fracture.

(a) Mode mix ratio at damage initiation

(b) Mode mix ratio during damage evolution

Fig. 8. T-shaped fracture damage mode in initial and evolutionary processes.
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Fig. 9. Evolutions of fluid pressure and fracture width in initiation point for T-shaped
fracture.
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properties and in-situ stress. In all the examples, the injection rate
and the fracturing fluid viscosity are consistent (the injection rate is
6 mL/min, and the viscosity is 200 mPa-s)

For layered strata, the influence of in-situ stress on the fracture
propagation behavior and penetration could be classified using two
parameters: the interlayer stress difference coefficient and the
vertical stress difference coefficient.

(6)

Ch=(ong —onr) / onr

&v=(ovr —onR) / Onr (7)
where {;, is the coefficient of interlayer stress difference; ¢ is the
coefficient of vertical stress difference; onp is the minimum hori-
zontal stress for the upper barrier layer; oy r is the minimum hor-
izontal stress for the lower reservoir layer; oy is the vertical stress.

The break pattern for the GL included tensile fracture, shear
fracture, and tensile-shear complex fracture, which were mainly
controlled by tensile and shear strength (Gu et al., 2011; Li S.B. et al.,
2017). In this study, in order to comprehensively consider the ef-
fects of tensile and shear strength, dimensionless comprehensive
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Fig. 10. Evolution of blunted fracture.
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(b) Mode mix ratio during damage evolution

Fig. 11. Blunted fracture damage mode in initial and evolutionary processes.

interface strength was defined, which was

7_<tn,l/tn,R+ZTl,i/TR,i> /3 (8)

where t, is the normal nominal stress for GL; t,r is the normal
nominal stress for HF in reservoir layer; i is an index for the first and
second shear stress; fj; is the first and second shear nominal stress
for GL; 7g; is the first and second shear nominal stress for HF in
reservoir layer.
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4.1. Results

Under different in-situ stress and interface strength conditions,
according to the different interactions between HF and GL, three
types of typical fracture patterns were finally presented: T-shaped
fracture, blunted fracture, and crossed fracture, as shown in Fig. 6.

4.1.1. T-shaped fracture

Fig. 7 shows the evolution of the T-shaped fracture over time.
When HF propagated from the lower reservoir to GL, HF expanded
in the shape of a disc. When the fracture contacted with GL, the
fracture vertical growth was arrested, the height of the fracture
stopped expanding, and the length of the fracture gradually
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Fig. 12. Evolutions of fluid pressure and fracture width in initiation point for blunted
fracture.

expanded forward, which turned into the PKN mode. When the HF
contacted the GL, the fracture penetrated into the interface and
began to extend further. The fracture shape gradually transferred
from circle to ellipse, and HF long axis was along the longitudinal
direction of the main HF. The example has an interface strength y of
0.2, a vertical stress difference coefficient {y of 0.1, and an interlayer
stress difference coefficient ¢}, of 0.

The fracture modes in the process of fracture initiation and
propagation could be judged by outputting the values of the
cohesive units, respectively (Abaqus, 2014). When its value is —1,
the unit was not damaged; when the value was 0—0.5, the unit was
mainly damaged by tension; when the value was 0.5—1, the unit
was mainly damaged by shear (Abaqus, 2014). According to Fig. 8,
the initiation and propagation of the main HF were characterized
by tensile failure, while shear initiation first occurred for the GL.
With the continuous inflow of fracturing fluid, the fluid pressure in
the fracture increased, and the cohesive units opened and gradually
turned into tensile fractures.
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By extracting the pressure and fracture width of the injection
point, the variation law of pressure and fracture width during the
evolution of T-shaped fractures was studied, as shown in Fig. 9.
According to the evolution law of fractures, HF propagation could
be divided into four stages (see Fig. 9): HF expanded in reservoirs;
HF tip met GL; HF tip blunted; and horizontal fracture propagated.
In stage 1, the injection pressure decreased gradually, while the
fracture width increased. In stage 2, the injection pressure and
fracture width dropped abruptly. In stage 3, the injection pressure
decreased and the fracture width increased. In stage 4, the injection
pressure and fracture width decreased.

4.1.2. Blunted fracture

Fig. 10 depicts the progression of the blunted fracture. When the
HF propagated from the lower reservoir to the GL, it grew in the
shape of a disk; when the HF came into contact with the interface,
the fracture tip gradually blunted, the fracture height stopped ris-
ing, and the fracture length continued to extend, resulting in a PKN-
type growth mode.

When the HF contacted the GL, the GL began to extend. The
fracture shape was always elliptical, whose long axis was along the
longitudinal direction of the main HF. The example has an interface
strength v of 0.1, a vertical stress difference coefficient {y of 0.5, and
an interlayer stress difference coefficient {;, of 0.

Fig. 11 shows the fracture mode of the blunted fracture. The
results showed that the HF fracture type in the process of initiation
and propagation was tensile, while the GL fracture type in the
process was shear.

Fig. 12 shows the evolution rule of blunted fracture, and the
propagation of HFs could be divided into four stages: HF expanded
in reservoirs; HF tip met GL; HF tip got blunted; and vertical frac-
ture propagated. In stage 1, the injection pressure decreased
gradually and the fracture width increased. In stage 2, the injection
pressure and the fracture width dropped abruptly. In stage 3, the
injection pressure decreased and the fracture width increased. In
stage 4, the injection pressure increased as predicted by the PKN
growth model, and the fracture width increased.

4.1.3. Crossed fracture
Fig. 13 shows the evolution process of the crossed fracture.

Aperture, Aperture,
10 m 10 m
0.25 0.29
0.23 0.26
0.21 0.22
0.18 0.19
0.15 0.17
[ o2 I 015
0.10 | 0.12
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0.04 0.06
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0 0
Aperture, Aperture,
10 m 10“4m
0.35 043
0.32 0.39
0.29 0.35
0.25 0.30
0.21 0.25
1047 I 021

0.14
0.10
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0

0.17
0.12
0.07
0.04
0

Fig. 13. Evolution of crossed fracture.
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Fig. 14. Evolution of HF penetrating GL.
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Fig. 15. Crossed fracture damage mode in initial and evolutionary processes.

When the HF started from the lower reservoir and expanded to the
GL, it expanded as a disc fracture; when the fracture contacted the
GL, the fracture tip first got blunted, the fracture height temporarily
stopped expanding, and then continued to expand. The simulation
results showed that when the three-dimensional HF extended to
the GL, the fracture tip would preferentially be blunted and then
preferentially enter the GL from one point on the front edge of the
blunted fracture rather than directly penetrated from the original
fracture tip. As shown in Fig. 14, this phenomenon was similar to
the physical simulation test results observed by Xing et al. (2018a).
The example has an interface strength vy of 0.3, the vertical stress
difference coefficient {y of 0.5, and the interlayer stress difference
coefficient {}, of 0.

Fig. 15 shows the fracture mode of the crossed fracture. The
results showed that the HF fracture type in the processes of initi-
ation and propagation was tensile, while the GL was hardly
damaged. Only a few cohesive elements near the HF were damaged,

3230

and their initiation and propagation were shear.

Fig. 16 shows the evolution rule of blunted fracture, and the
expansion of HF could be divided into four stages: HF expanded in
reservoirs; HF tip met GL; HF tip got blunted; and HF expanded
vertically. In stage 1, the injection pressure decreased gradually,
while the fracture width increased. In stage 2, the injection pres-
sure and the fracture width dropped abruptly. In stage 3, the in-
jection pressure decreased and the fracture width increased. In
stage 4, the injection pressure and fracture width increased.

Based on the above analysis results, the comparative results of
the pore pressure at the injection point, fracture width, intersection
characteristics, and failure form for the above three fracture types
were carried out, as shown in Table 3. The results indicated that the
HF failure type for all three fracture types was tensile, while the
initial GL failure type was sheared for all three fracture types. When
the HF met GL, the HF for the three types was blunted. Additionally,
in the case of the T-shaped fracture, the fracture width of the HF
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Fig. 16. Evolutions of fluid pressure and fracture width in initiation point for crossed
fracture.

decreased during the propagation process of the GL. Considering
the construction and fracturing effects, T-shaped fracture reduced
the effective transformation volume and hindered the migration of
propping agents, which would lead to sand plugging.

4.2. Analysis

According to the condition of the in-situ stress difference be-
tween layers, the layered formation could be divided into two
types: no interlayer stress difference ({y = 0) and with interlayer
stress difference ({, #+ 0). In the following two stress conditions,
the fracture height growth behavior was analyzed.

4.2.1. No interlayer stress difference ({ = 0)

When there was no interlayer stress difference, the influence of
vertical stress difference coefficient and interface strength on
fracture height growth was studied by changing the vertical stress
and interface parameters. The simulation results are shown in
Fig. 17. According to the above three types of fractures, the con-
trolling chart could be divided into three areas: the lower left area
was the T-shaped fracture controlling area; the upper left area was
blunted fracture controlling area; the upper right area was the
crossed fracture controlling area. The simulation results showed
that the lower the interface strength was, and the smaller the
vertical stress difference coefficient was, the easier it was to form T-
shaped fracture. The lower the interface strength was, and the
greater the vertical stress difference coefficient was, the easier it
was to form blunted fracture. The higher the interface strength was,
and the greater the vertical stress difference coefficient was, the
easier it was to form crossed fracture.

4.2.2. With interlayer stress difference ({y + 0)
When there was an interlayer stress difference, by changing the
vertical stress, the minimum horizontal in-situ stress, and the

Table 3
Comparison of propagation characteristic for three fracture patterns.
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Fig. 17. Simulation results affected by the vertical stress coefficient and interface
strength (I: Region of T-shaped fracture; II: Region of blunted fracture; IIl: Region of
crossed fracture).

interface parameters, the influence of three factors, including the
interface strength, the vertical stress difference coefficient, and the
interlayer stress difference coefficient, on the fracture height
growth was studied. As shown in Fig. 18, the shapes of fracture
height under the influence of the vertical stress difference coeffi-
cient and interlayer stress difference coefficient in different inter-
face strength conditions were given.

According to the three types of fractures, the chart could also be
divided into three areas (see Fig. 18(a)): The lower right area was
the T-shaped fracture controlling area; the upper right area was the
blunted fracture controlling area; and the upper left area was the
crossed fracture controlling area. The findings indicated that the
lower the interface strength and the smaller the vertical stress
difference coefficient, the easier it was to generate a T-shaped
fracture. A blunted fracture was more likely to form when the
contact strength was low and the vertical stress difference coeffi-
cient was high. An increased interface strength and a higher vertical
stress difference coefficient resulted in an easier formation of a
crossed fracture.

With the decrease in the interface strength (see Fig. 18(a)—(d)),
the boundary between the blunted fracture and the crossed frac-
ture (line A in Fig. 18(a)) moved to the left continuously, and the
boundary between the T-shaped fracture and the crossed fracture
(line B in Fig. 18(a)) moved up gradually, indicating that the prob-
ability of the crossed fracture under the low interface strength
decreased gradually. The results showed that when the interface
strength was less than 0.1 (see Fig. 18(e)—(f)), only T-shaped frac-
tures and blunted fractures could be formed, and no crossed frac-
tures could be found. When the interface strength was 0.2—0.25,
the formation of a T-shaped fracture was only determined by the
vertical stress difference coefficient, which was independent of the

Fracture pattern

Extension pressure

Fracture aperture

Intersection characteristic

Failure mode of HF

Failure mode of GL

T-shaped fracture
Blunted fracture
Crossed fracture

Decrease
Increase

Decrease
Increase

Passivation for fracture tip

Tensile

Shear first and then tensile
Shear
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Fig. 18. Simulation results affected by vertical stress coefficient and horizontal stress coefficient under different interface strength.

interlayer stress difference coefficient. In addition, T-shaped frac-
tures could only be formed when the vertical stress coefficient was
less than 0.1—0.3, and only blunted fractures or crossed fractures
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could be formed when the vertical stress coefficient was greater

than this value.
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Fig. 19. Microseismic monitoring results for deep shale formation in Weiyuan area.

(a) Core of mid-depth reservoir
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Fig. 20. Shale cores from different depths.

5. Significance and applicability of results

Shale fracturing in the Sichuan Basin in China showed that as
the depth of the reservoir increased, it became increasingly chal-
lenging to expand and create a network of fractures (Jiang et al.,
2017a, 2017b). Fig. 19 showed the real-time micro-seismic moni-
toring results of various typical deep shale fracturing wells in
Sichuan, China. The fracture height monitoring data of well X using
non-radioactive tracer haydite revealed that the real fracture height
was extremely difficult to propagate, and the effective fracture
height was only 11 m, which was significantly less than the ex-
pected fracture height (Tan et al., 2021).
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In addition, our prior research (Tan et al., 2020) yielded a great
number of laboratory data for deep and mid-depth shale. The
findings indicated that the primary fracture observed in mid-depth
shale was a vertical fracture, resulting in a final fracture pattern
characterized by a fishbone fracture network with transverse
fractures as the primary fractures (Tan et al., 2017). On the other
hand, the main fracture observed in deep shale was a horizontal
fracture, leading to a final fracture pattern characterized by a step
fracture network with horizontal fractures as the primary fractures
(Tan et al., 2020). Three patterns of HF network in vertical plane
were summed up based on the lateral distribution range of HF in
longitudinal sections. As the depth of the shale reservoir increases,
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the type of HF network in the vertical direction progressively
transforms from a small horizontal sweep to a large horizontal
sweep.

The variation in vertical fracture geometry between deep and
mid-depth shale reservoirs was clarified using the aforementioned
on-site fracturing data and laboratory experimental results, but the
reason for this has yet to be discovered. Based on the numerical
simulation presented in this research and considering the specific
features of deep and mid-depth shale reservoirs in Sichuan, a novel
theoretical explanation can be proposed.

Prior research (Zeng et al., 2016; Jiang et al., 2017a, 2017b) has
demonstrated that the properties of deep and mid-depth shale
reservoirs in the Sichuan Basin are distinct. Small vertical stress
difference coefficients characterized the mid-depth buried shale in
the Sichuan Basin. Because of the low tectonic compression during
sedimentation, reservoir bedding planes and NFs were highly
cemented (Jiang et al., 2017a). Deep shale reserves were deeply
buried, and the vertical stress differential coefficient was high. The
formation was highly compressed in the post-deposition period,
resulting in a large number of bedding planes and NFs with
extremely low cementation strength compared with mid-depth
shale (Jiang et al., 2017a). The clear distinctions between deep
and mid-depth shales can also be detected from the cores extracted
from two wells in the Sichuan Basin, as shown in Fig. 20.

Without accounting for the difference in stress between layers
(as in the case of a shale reservoir), the ability of HF to penetrate the
bedding plane vertically depends on both the strength of the
interface and the coefficient of vertical stress difference coefficient
(see Fig. 17). For mid-depth shale, the bedding plane has strong
cementation strength. So, even with a relatively modest vertical
stress difference coefficient, it was able to penetrate the interface
and generate a primary transverse fracture, with a considerable
final fracture height. The cementation strength of the bedding layer
in deep shale was exceptionally weak. Despite the presence of a
significant vertical stress difference coefficient, HF was unable to
penetrate the interface, resulting in a limited fracture height.

This study revealed the factors contributing to the difference in
fracture types between deep and mid-depth shale reservoirs in
Sichuan, as well as the formation mechanism of horizontal frac-
tures in deep shale reservoirs.

6. Conclusions

A three-dimensional finite element model with HF and GL was
developed using the cohesive zone approach, taking into account
the influence of interface cementation strength and friction char-
acteristics. A quantitative analysis was conducted to study the
propagation characteristics of HF in three-dimensional space. The
controlling charts for fracture height growth were developed after
conducting a thorough analysis of critical parameters such as
interface strength, interlayer stress difference coefficient, and ver-
tical stress difference coefficient. The findings can be summarized
as follows.

(1) Three distinct types of vertical propagation for HF were
identified based on the various modes of interaction between
HF and GL: T-shaped fracture, blunted fracture, and crossed
fracture. The characteristics of injection pressure, fracture
width, and fractured mode were compared for the three
fracture kinds, and it was discovered that the curve of fluid
pressure at injection point and HF width could be split into
four characteristic stages. HF passivation could occur at the
fracture tip when the HF reached the GL in these three types
of fractures.
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(2) The fracture height geometry was determined by the inter-
face strength, the vertical stress difference coefficient, and
the interlayer stress difference coefficient. A T-shaped frac-
ture was more likely to form when the interface strength was
lower and the vertical stress difference coefficient was
smaller. A blunted fracture formed more easily when the
vertical stress difference coefficient was greater and the
interface strength was lower. Greater interface strength and
a higher vertical stress difference coefficient facilitated the
formation of a crossing fracture. A T-shaped fracture could
only occur if the vertical stress difference coefficient was less
than a crucial value of 0.1-0.3.

(3) The likelihood of HF traversing the interface decreased as the
interface strength diminished. When the interface strength
was below 0.1, only two forms of fractures, specifically T-
shaped and blunted, were observed, and HF was unable to
pass through the interface.

(4) The simulation results elucidated that as the depth of shale
reservoirs increased in the Sichuan Basin, the fracture height
patterns underwent a progressive transition from a tall-
shaped fracture with a small horizontal extent to a short
fracture with a big horizontal extent.
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