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ABSTRACT

The key to extracting multiple natural gases from coalbed methane, shale and other tight gases through inte-
grated hydraulic fracturing in coal measure strata (CMS) is determining whether hydraulic fracture can connect
different gas-bearing zones. In this paper, several groups of combination samples comprised of artificial rocks
were prepared. True triaxial hydraulic fracturing experiments were conducted to stimulate the hydraulic fracture
propagation and penetration behavior. The effects of in-situ stress, injection rate, natural fracture and well type
on fracture growth were studied. The main results were as follows: (1) Fracture geometries in CMS exhibited
strong asymmetric, nonplanar extension and unilateral expansion features in the vertical plane. (2) Higher values
of the vertical stress difference coefficient and injection rate led to larger vertical fracture extension and an
increased likelihood of fracture connection to adjacent gas-bearing layers. (3) The behavior of the hydraulic
fracture varied significantly between vertical and horizontal wells. In vertical wells, the main fracture presented
a "+ shape and fully communicated natural coal cleats system, while in horizontal wells, fracture height growth
was limited, resulting in fracture patterns that presented vertically as “H” or “T” shape due to the hydraulic
fracture’s tendency to turn direction when propagating to natural weak planes. The study found that the fracture
vertical extension ability increased with rising vertical stress difference coefficient. (4) Natural fractures could
induce fracture turning and branching, which improved fracture network complexity but also caused fracturing
fluid loss and hydraulic energy dissipation. Therefore, choosing shale or coal layer with developed natural
fractures as fracturing layer was unhelpful for integrated fracturing operation. Finally, higher fracturing fluid
viscosity, injection rate and gradient sanding could enhance fracturing operation efficiency. These results could
provide theoretical guidance for integrated fracturing operation in CMS.

1. Introduction

and have achieved great progress, such as Surat Basin in Australia (Shen
et al., 2017) and Xuanhua Basin in China (Li et al., 2014).

The Ordos Basin in China contains a suite of gas-bearing strata
known as coal measure strata (CMS), which consist of large amounts of
coalbed, shale and bits of tight stone that were deposited and preserved
alternately within a few tens of meters in the vertical profile (see Fig. 1).
However, the thick cumulative rock layers and ample thin single rock
sheet with uneven thickness present challenges for packer setting and
upper workover in slim hole during multi-layered fracturing. To address
these problems, integrative cross-layer hydraulic fracturing may be a
viable solution, allowing for the successful co-exploitation of multiple
types of gases such as coalbed methane, shale and tight gases. Field tests
of integrative fracturing technology have been performed in some areas

For the successful implement of integrated fracturing technology in
CMS, it is crucial that different gas-bearing zones are effectively con-
nected by hydraulic fractures in the vertical profile. This requires
effective interface penetration, large extension distance and high
complexity degree during hydraulic fracture vertical propagation. Pre-
vious studies have extensively investigated the problem of fracture
height growth in layered media. In the aspect of analytic model, Oye-
dokun and Schubert (2017) established a mathematical mode for
anisotropic layered media based on energy conservation method and
proposed the concept of effective fracture toughness. Huang and Liu
(2018) obtained the 3D criterion of hydraulic fracture penetration

* Corresponding author. CNPC Engineering Technology R&D Company Limited, Beijing, 102206, China.
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Fig. 1. Multiple gas bearing outcrops for CMS.

through beddings. Zhao and Chen (2010) and Liu and Valko (2015)
came up with the mechanical and mathematical model for hydraulic
fracture vertical propagation based on fracture mechanics theory.
Considering the inference of plastic region at fracture tip, Li et al. (2020)
built a hydraulic fracture height mathematical model. Dontsov (2022)
analyzed a constant height hydraulic fracture driven by a power-law
fluid. These studies provide valuable insights for understanding and
optimizing hydraulic fracture propagation in layered media, which is
critical for successful integrated fracturing operations in CMS.

In the aspect of physical experiments, Warpinski et al. (1982) and
Teufel and Clark (1984) found that the interface shear strength and the
minimum stress difference between layers determined the fracture
height growth for sand-mudstone formations. Liu et al. (2016) con-
ducted the tri-axial fracturing experiment and analyzed the hydraulic
fracture non-planar extension behavior for layered formation inclined
well. Thiercelin and Lemanczyk (1986), Jeffrey and Bunger (2007) and
Xing et al. (2018a) studied the hydraulic fracture height growth under
different testing parameters through triaxial experiment with PMMA
transparent material. For layered shale formation, Zhang et al. (2019),
Guo et al. (2014) and Zou et al. (2016a) found that bedding planes had a
significant effect on fracture height geometries. Through statistics and
analysis of a large number of the shale experimental results, Tan et al.
(2017, 2020) summarized fracture morphology types in vertical profile
for shadow and deep shale formation. For shadow shales, fracture ge-
ometries were characterized by simple fracture, fishbone-like fracture,
fishbone-like fracture with fissure opening, multilateral fishbone-like
fracture network (Tan et al., 2017). For deep shales, fracture geome-
tries were characterized by horizontal hydraulic fracture, transverse
fracture, step-shaped hydraulic fracture with fissure opening and
multilateral step-shaped hydraulic fracture network (Tan et al., 2020).
In addition, the hydraulic fracture vertical propagation behavior of
transversely isotropic shale by considering the lithological transition
zone is studied based on XFEM-based CZM method (Tan et al., 2021).
For CMS, Li et al. (2014), Wan et al. (2019), Zhao et al. (2019), Tan et al.
(2019) performed a large number of physical experiments to study the
non-planar fracture vertical propagation behavior. They found that the
natural fractures in tight rocks could affect the interface penetration
effect and that in coal would determine the finial complexity degree of
hydraulic fracture network. These studies have provided valuable in-
sights into the behavior of hydraulic fractures in layered media and can
guide the successful implementation of integrative fracturing technol-
ogy in CMS.

In the aspect of numerical experiments, Zhang and Jeffrey (2007)
and Tang et al. (2018) studied the fracture height growth behavior in
layered media based on displacement discontinuity method. Wang et al.
(2017), Wang et al. (2021), Zhang et al. (2017, 2019), Huang et al.
(2019, 2023), Li et al. (2023), and Abdelaziz et al. (2023) studied the
hydraulic fracture initiation and propagation behavior based on discrete
element modeling method. Zhu et al. (2014), Li et al. (2017) and Guo
et al. (2017) investigated the effects of geological and engineering

Geoenergy Science and Engineering 231 (2023) 212316

factors on porous layered formation based on cohesive damage method.
Chen et al. (2015) built a fracture intersection model that hydraulic
fracture was orthogonal to the bedding plane and studied the formation
mechanism of T-Shape and Z-Shape fracture. Feng et al. (2017) used the
similar method to quantify the fluid-driven interface debonding of an
injector well. Haddad et al. (2018) took the dip angle of bedding plane
into account in the numerical model. Zou et al. (2016b) studied the ef-
fects of multiple factors on 3D fracture propagation based on coupled
finite element and discrete element method. Ouchi et al. (2017) studied
the vertical propagation behavior of hydraulic fractures quantitatively
and obtained three types of fracture propagation patterns, including
crossing, turning, branching, which was proved by the experimental
results (AlTammar and Sharma, 2017). Settgast et al. (2017) carried out
full coupling 3D hydraulic fracturing numerical simulation for lami-
nated shale reservoirs though a fully coupled finite element and finite
volume approach based on massively parallel computing platforms.
Xing et al. (2018b) used a lattice method to simulate the fracture vertical
propagation behavior and established a control chart of multiple pa-
rameters, including interlayer stress difference, vertical stress differ-
ence, fracture toughness and interface property. In addition, some
machine learning methods were used in the studies of geomechanical
behavior of shale (Tang et al., 2021; Zhao et al., 2022).

The afore-mentioned studies mainly focused on the single lithology
or homogeneous layered media, ignoring the effects of developed
complex natural fractures in each layer. Previous studies showed that
affected by distinctive rock mechanical and fracture characteristics,
hydraulic fracture geometries in coal and shale differed extremely and
showed greater complexity than those in tight limestone (Hou et al.,
2018). Therefore, when natural coals, shale and homogeneous tight
stone are fractured jointly in CMS, hydraulic fracture geometries might
be more complicated and the mechanism of fracture height growth was
unclear. To understand the hydraulic fracture extension behavior of
CMS, this paper carried out several groups of true triaxial hydraulic
fracturing experiments on layered combination samples comprised of
artificial rocks. Two typical tri-layered combination samples of “coal--
shale-coal” and “coal-shale-limestone” were made. Beddings planes and
coal cleats system were simulated. The effects of different factors,
including in-situ stress, injection rate and well type on hydraulic fracture
geometries and vertical propagation were studied.

2. Geological characteristics

In the Ordos Basin’s X formation, the rock is primarily composed of
horizontal shale and coal, with some limestone present. The individual
layers are relatively thin, ranging from 0.5 to 3 m, but they accumulate
to form a significant thickness of 20-80 m, with the coal-shale-limestone
combination being the typical production layer. The reservoir is buried
at a depth of approximately 3 km. The in-situ stresses vary for the ver-
tical, horizontal maximum and minimum stresses, ranging from 39.65 to
44.8 MPa, 31.35-42.74 MPa and 28.11-37.93 MPa, respectively.

It has been observed that the total organic content (TOC) in the
reservoir is greater than 2%. The highest TOC values were found in coal
and shale with an average of 27.29% and 8.02%, respectively. The
porosity of the reservoir varied from 1.13% to 10.67%, while the
permeability was below 0.1 mD with an average value of 0.015 mD.
Table 1 showed the mineral composition of coal, shale and limestone in
X formation based on the X-ray diffraction (XRD) microanalysis. The
rock mechanics parameters were measured trough GCTS equipment (Ge
et al,, 2011) and the testing results were displayed in Table 2 and
Table 3. Based on the above analyses, CMS exhibited complex litho-
logical combinations, rock mechanical properties and geological con-
ditions. Thus, connecting more pay layers for the CMS integrated
hydraulic fracturing faced many challenges.
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Table 1
Mineral content.

Geoenergy Science and Engineering 231 (2023) 212316

Rock type Quartz Analcite Calcite Barite Dolomite Hematite Plagioclase Clay minerals
Coal 15.2 25.8 30.3 28.7 15.2 / / /
Shale 20.8 18.7 3.9 / 26.1 3.7 26.8
Limestone 10.8 / / 83.9 4.1 / 1.2
power oil and other auxiliary devices. During the hydraulic fracturing
Table 2_ process, confining stresses put on the specimen were applied by the
Mechanical parameters of real rocks. . o Sy . .
hydraulic voltage stabilizer and the fluid injection pressure was supplied
Rock type  Real cores utilizing the servo-controlled supercharge MTS 816. The peak confining
Elastic Poisson’s Tensile Compressive stress and injection pressure for this equipment were up to 28 MPa and
Modulus / ratio strength / strength / MPa 140 MPa. The maximum fluid volume of 800 ml could be injected to the
GPa MpPa sample continuously. Experimental control and data acquisition were
Coal 5.29 0.35 0.74 15.00 conducted using a customized software running on a desktop computer.
Shale 11.29 0.24 2.58 16.64 Some significant information could be output in real time, such as
Limestone 33.31 0.17 6.04 49.06 . . .
pressure-time  curve and  displacement-time curve  and
pressure-displacement curve.
Table 3

Mechanical parameters of artificial rocks.

Rock type Artificial rocks
Mass ratio of cement, Tensile strength Compressive strength
sand, water / MPa / MPa

Coal 0.92:5:1 0.63 12

Shale 1.03:5:1 1.87 18

Limestone  1.52:5:1 5.96 36

3. Experimental methods
3.1. Experimental equipment

A true triaxial hydraulic fracturing testing system (see Fig. 2) was
utilized to conduct all sets of experiments. This system had been suc-
cessfully used to simulate the initiation and propagation behavior of
hydraulic fractures in a variety of materials (Fan and Zhang, 2014;
Zhang et al., 2018, 2020, 2021). This apparatus mainly consisted of true
tri-axial assembly, a servo-controlled supercharge of Mechanical Testing
and Simulation (MTS) 816, data acquisition system, hydraulically
voltage stabilizer, isolating assembly of hydraulic fluid and hydraulic

3.2. Specimen preparation

The analogy method was used to study the rock mechanical
behavior, since the obtainment of real borehole cores was difficult (Tien
et al., 2006; Andra et al., 2008). Precisely, the preparation of artificial
specimens was able to simulate the natural structure and rock me-
chanical properties of true formation. The materials commonly used to
simulate rock sample could present the similar elastic-plastic behavior
as the real rock, such as concrete, gypsum, resin and polymer. Besides,
analogy method could be applied to simulate the natural fracture
network in the rock (Wang et al., 2019). Different lithological combi-
nations were used to create samples with varying ratios of mud, sand,
coal and water. The samples primarily consisted of coal-shale-coal and
coal-shale-limestone combination rock. Notably, the observation of
natural fracture features revealed that the development of beddings in
shale was a typical characteristic, while in coal, not only were bedding
planes developed, but also mutually orthogonal cleat systems. To
simulate natural weak planes, papers with different thicknesses were
utilized in this study. The bedding plane in shale and coal was replicated
using printer paper with a thickness of 0.11 mm, while the face cleat and
butt cleat were replicated using two types of coated paper with

Fig. 2. True triaxial hydraulic fracturing system.
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thicknesses of 0.14 mm and 0.12 mm, respectively. The following sec-
tion details the procedure for preparing CMS hydraulic fracturing
samples.

(1) Rock matrix preparation involved mixing single sheets of shale,
coal and limestone with varying mass ratios of cement, quartz
sand, coal and water to match the mechanical parameters of
actual cores. Table 2 and Table 3 present the mechanical pa-
rameters of both real rock and artificial samples.

(2) To simulate natural fracture systems, coated paper was used

during the preparation of coal and shale sheets to replicate cleat

systems and bedding planes in coal and shale rock.

Different rock sheets were stacked in a 300mm x 300mm x 300

mm square steel mold to create a combination of coal, shale and

limestone. Concrete was then poured into the mold to bond the

sheets and the specimens were cured at room temperature for 30

days.

(4) To simulate the wellhole, a 16 cm-long, 14 mm-diameter hole
was drilled parallel or perpendicular to the bedding planes ac-
cording to the horizontal and vertical well. A steel pipe was
bonded with strong glue to simulate the wellbore, leaving a 2 cm
open hole at the bottom. Fig. 3 illustrates the schematic drawing
of a coal-shale-coal sample with a horizontal wellbore.

3

-

3.3. Experimental scheme

Based on the actual formation parameter of CMS above, the specific
experimental parameters were obtained by combining the similarity
criterion (Clifton and Abou Sayed, 1979) and the working capacity of
the experimental system. The symbol of C, S and L indicated different
slices of coal, shale and limestone, respectively (Table .4). The symbol of
oy, oy, oy represented vertical stress, horizontal minimum stress and
horizontal maximum stress. For each experiment, the fracturing fluid
with yellow fluorescent tracer was injected at a constant pump rate.
Under ultraviolet light, the tracer could be helpful in indicating the
fracture surface generated during the experiment.

3.4. Experimental procedure

During testing, the cubic sample was placed at the center of the
triaxial assembly and then loaded using three independent flat jacks to
simulate in-situ stress conditions. To prevent the generation of shear
stress during the in-situ stress loading process, a thin Teflon sheet,
covered on both sides with Vaseline, was inserted between the sample
and the flat jacks (De Pater and Beugelsdijk, 2005). To prevent me-
chanical shear failure in samples caused by unbalanced loading, the
three in-situ stresses were simultaneously loaded to the minimum

Fig. 3. Schematic drawing of coal-shale-coal sample with horizontal wellbore.
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horizontal stress value first, followed by gradually increasing the verti-
cal and maximum horizontal stresses to the maximum horizontal stress
value. Finally, the vertical stress was slowly loaded to its designated
value. Once all the stresses reached the desired values, it was necessary
to delay for approximately 30 min to establish stress equilibrium before
commencing the fracturing fluid injection process (Kim and Abass,
1991). For each experiment in this study, the sample was in a normal
faulting stress regime. In both the vertical and horizontal well, the
vertical stress was applied perpendicular to the layer interface, while the
maximum horizontal stress was applied in the face cleat direction and
the minimum horizontal stress was applied in the direction of butt cleat.

Once the stress loading was completed, the sample was injected with
fracturing fluid containing luminous yellow fluorescent dye through the
stimulated wellbore at a certain pump rate. Hydraulic fractures initiated
once the injection pressure reached the fracturing pressure. Then
propagated away from the wellbore. Injection was stopped once the
hydraulic fracture was fully developed, which was ensured by adequate
fracturing volume of the injected fluids. After unloading, all data were
saved and the fracturing experiment was considered complete.

4. Experimental results and analysis
4.1. Experimental results

4.1.1. Fracture geometry

The hydraulic fracturing in specimens #1 and #2 was performed
using a vertical well, while specimens #3 to #6 were fractured using a
horizontal well. The main focus of the study was to analyze the fracture
geometry and extension scale. After the experiments, each specimen was
opened along the expected hydraulic fracture orientations to observe the
connection degree between natural and hydraulic fractures and to
analyze the fracture geometry under different experimental parameters.
The fracture extension patterns observed presented a non-plane network
instead of a single plane fracture. The results of the study are presented
in Fig. 4.

For specimen #1 (Fig. 4(a)), the fracture initiated in the middle shale
layer and propagated along the direction of minimal principal horizontal
stress, resulting in a fracture with height and length. Along the direction
of fracture height, the hydraulic fracture propagated to the coal layer
and two parallel fractures were formed along the face cleats. Addition-
ally, the activated face cleats were connected by butt cleats.

In specimen #2 (Fig. 4(b)), the fracture initiated from the bottom of
the open hole section along the direction of maximum principal hori-
zontal stress. As the fracture height propagated, the beddings in shale
and the interface between shale and coal were activated. At the layer
interface, an offset crossing of hydraulic fracture occurred and ulti-
mately, a step-shaped fracture was formed.

In specimen #3 (Fig. 4(c)), the main fracture initiated and propa-
gated along the direction of maximum principal horizontal stress. Dur-
ing fracturing fluid injection, a secondary hydraulic fracture formed
along the wellbore direction. In the vertical plane, one bedding in shale
was activated and the fracture height was contained by the upper- and
lower-layer interface.

For specimen #4 (Fig. 4(d)), the main hydraulic fracture initiated
perpendicular to the wellbore direction in the middle shale layer. As it
extended upward to the layer interface between shale and coal and
downward to the lower bedding in shale, the main fracture stopped.
Meanwhile, the upper bedding in shale was activated.

In specimen #5 (Fig. 4(e)), the main fracture initiated and propa-
gated along the direction of maximum principal horizontal stress. Under
the effect of wellbore stress concentration, a secondary fracture was
formed along the wellbore direction and the upper bedding plane in
shale was activated. The vertically propagated hydraulic fracture was
finally arrested by the upper and lower interfaces.

For specimen #6 (Fig. 4(f)), the main fracture initiated from the
bottom of the open hole section and propagated vertically towards the
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Table 4
Summary of experimental parameters.
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Sample number Well type Rock combination In-situ stress (MPa) Coefficient of vertical stress difference Flow rate (ml/min) Viscosity (mPa-s)
oy on on
#1 Vertical well C-S-L 22 21 20 0.1 10 3
#2 C-S-L 22 21 15 0.47 20 3
#3 Horizontal well C-S-C 22 21 20 0.1 20 3
#4 C-S-L 22 21 20 0.1 20 3
#5 C-S-C 22 21 15 0.47 10 3
#6 C-S-L 22 21 15 0.47 20 3

Fig. 4. The fracture geometry of different samples after fracturing.

wellbore direction, connecting the upper coal and lower limestone
layers. Two bedding planes in shale and the interface between shale and
limestone were activated. In the upper coal slice, the two orthotropic
cleat systems were activated, resulting in the formation of a complex
fracture network.

4.1.2. Stimulated rock area (SRA) and vertical fracture height (VFH)
“Stimulated Reservoir Area” (SRA) was denoted as an evaluation
index for the hydraulic fracturing results (Hou et al., 2014; Wei et al.,
2014). Compared with the index of “Stimulated Reservoir Volume”
(SRV), SRA has a better manipulation in the laboratory hydraulic frac-
turing experiments. The final fracture geometry mainly includes main
hydraulic fracture, activated bedding planes, cleats system, lithological
interface and the combination of these planes. According the definition
of SRA, each activated fracture area could be divided into five grades,
including1.00 (about 300 x 300 mm), 0.8, 0.6, 0.4 and 0.2. Using
specimen #4 (Fig. 4(d)) as an example, a single vertical hydraulic
fracture perpendicular to the minimum horizontal stress direction was
formed, accompanied by the opening of two bedding planes in the
horizontal direction. The SRA values of the main hydraulic fracture and
the bedding planes were 0.2 and 0.4, respectively, resulting in a total
SRA value of 0.6 for this sample. Additionally, a new parameter called
“Vertical Fracture Height” (VFH) was introduced in this study to eval-
uate the fracture propagation and penetration behavior, defined as the
maximum distance of hydraulic fracture height growth. The SRA and

VFH results for all samples are presented in Table 5.
4.2. Analysis on different effect factors

4.2.1. Effects of in-situ stresses

Specimens #1, #3, #4 and #2, #5, #6 were conducted under the
condition that in-situ stresses were 22-21-20 and 22-21-15. Corre-
spondingly, the vertical stress difference coefficients (Equation (1)) of
the two sets of samples were 0.1 and 0.47, which was denoted as the
radio between vertical in-situ stress difference and minimum horizontal
in-situ stress (Tan et al., 2017).

Table 5
The value of SRA and VFH for different samples.
Specimen Main Beddings Interface Cleats SRA VFH
number fracture area area area (mm?) (mm)
area (mmz) (mmz) (rnmz)
(mm?)
#1 0.2 0.6 0.4 0.6 1.8 200
#2 0.6 1 0.8 0.4 2.8 200
#3 0.6 0 0.4 0 1 100
#4 0.2 0.4 0 0 0.6 70
#5 0.6 0.2 0.4 0 1.2 100
#6 0.8 0.8 0.4 1 3 230
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Whether the slippage of natural weak plane would occur was related
to the cohesion, friction coefficient and the effective normal stress
loading on the weak plane based on Mohr-Coulomb law. Therefore, for a
given value of cohesion, friction coefficient and roughness of the weak
surface. Higher values of k, result in a greater resistance to weak plane
slippage and a higher probability of hydraulic fracture crossing layer
interfaces. The experimental results demonstrate that the fracture ge-
ometry of specimens #4 and #6 were significantly different since
different k, values in these two samples. For the specimen #4 with lower
k, of 0.1 (Fig. 4(d)), the fracture geometry is characterized by the shorter
vertical extension distance and larger horizontal propagation scale. In
this condition, the fracturing fluid could easily diffuse to the weak dis-
continuities, thus the vertically propagated hydraulic fracture would be
arrest or stopped at the beddings in shale or layer interface. For the
specimen #6 with higher k, of 0.47, the hydraulic fracture propagated
sufficiently in the vertical direction and crossed bedding planes in shale
and upper and lower lithological interfaces (Fig. 4(f)). In summary, the
results indicate that the in-situ stresses have a significant impact on the
vertical extension of hydraulic fractures. Additionally, the k, parameter
plays a crucial role in determining fracture patterns and layer penetra-
tion behavior. Higher values of k, result in greater ability for fracture
height growth and activation of more natural discontinuities.
Conversely, lower k, values result in a lower possibility of fracture
crossing interfaces, resulting in smaller VFH and SRA values. Therefore,
it can be inferred that the hydraulic fracturing design should take into
consideration the in-situ stresses and k, value to optimize the fracture
pattern and ensure efficient stimulation of reservoirs.

4.2.2. Effects of injection rate

The injection rate of fracturing fluid is a crucial factor that affects the
hydraulic fracture behavior. Changes in flow rate can directly impact the
fracture propagation mode, leading to phenomena such as arrest or
penetration when the fracture encounters natural fractures, bedding or
interfacial interfaces. Appropriate injection rates can promote increased
vertical fracture propagation height and the formation of complex
fracture networks. Therefore, it is important to analyze the effect of
injection rate on fracture growth behavior in CMS. In this study, two
levels of injection rate (10 ml/min and 20 ml/min) were examined.

For specimen #5, which was subjected to a low injection rate of 10
ml/min, there was a higher likelihood of leakage along the beddings in
shale, resulting in hindered main fracture height propagation and
penetration. The hydraulic fracture propagated towards the bedding
planes and easily changed direction and leading to a smaller VFH. In
contrast, for specimen #6 subjected to a high injection rate of 20 ml/
min, the fracture propagated vertically, connecting all layers and acti-
vating numerous cleat faces in coal seams. The stimulated area was
almost oval with the long axis along the maximum principal horizontal
stress direction. However, it should be noted that the ability of hydraulic
fractures to cross interfaces is determined by both engineering and
geological parameters, so improving the injection rate may not always
aid in fracture crossing the interface. The relationship between injection
rate and in-situ stress is shown in Fig. 5. It can be observed that even at
higher injection rates, specimens #3 and #4 with small k, values were
unable to penetrate the lithological interface. The larger VFH and SRA
were obtained under conditions of a higher vertical stress coefficient and
higher flow velocity.

4.2.3. Effects of well-type

Experimental results showed that the hydraulic fracture propagation
behavior was extremely different between the vertical and horizontal
well. For the vertical well fracturing (specimen #1 and #2), the whole
fracture geometry showed the “ + ” shaped characteristic. In the vertical
plane, the hydraulic fractures could also fully communicate the bedding
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Fig. 5. The combined effects of vertical stress difference coefficient and in-
jection rate on SRA and VFH.

planes in shale. When propagated to the interface between shale and
coal, the fracture turned direction firstly and then extended vertically
along the face cleat direction. Finally, hydraulic fracture network with
fully activated cleat system were formed (Fig. 6(a)). For the horizontal
well fracturing, when encountering the beddings in shale, a large
amount of fracturing fluids easily leaked off into the weak planes and
pressurization rate was low in main fractures, as a result, the propagated
main hydraulic fracture could stop or be arrested. Therefore, it is diffi-
cult for hydraulic fracture to penetrate bedding planes and the fracture
geometry was relative sample. Generally, the main hydraulic fracture
patterns presented “H” and “T” in shape (Fig. 6(b)). This may lead to
complex and irregular fracture geometry, which can also be affected by
the presence of natural fractures, bedding planes and lithological in-
terfaces. Additionally, the vertical well may have a different stress
regime compared to the horizontal well, leading to different fracture
propagation patterns. Therefore, it is crucial to consider the wellbore
geometry and the local stress field when designing and analyzing hy-
draulic fracturing in vertical wells. Meanwhile, fracturing fluid could
flow along the interface between wellbore and rock matrix. When the
injection pressure was increased, the fracture expanded dynamically
and penetrated through the layered interface and formed "+" shaped
fractures.

4.2.4. Effects of weak planes
Highly developed bedding planes and cleats system were the

Fig. 6. The sketch of fracture geometry in the vertical profile for specimen #1
and #3. The green circle is the injection point and red line presents the main
hydraulic fracture.
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precondition to achieve the goal of stimulating unconventional reser-
voirs. Under the impact of bedding planes in shale, such as specimen #3,
#4, #5, the hydraulic fracture propagated to the bedding planes and
then turned to horizontal direction. Since a large amount of fracturing
fluid filtrated along the bedding planes and hydraulic energy dissipa-
tion, the capacity of fracture crossing interface decreased. For specimen
#1, #2 and #6, the hydraulic fracture penetrated lithological interface
and connected the upper coal layer. A large number of cleats were
opened and forming the complex fracture network. In addition, the
propagation of hydraulic fracture followed the laws of minimum flow
resistance, minimum energy dissipation and small propagation path.
Hydraulic fracture extension and its communication with the upper coal
seam could lead to the continuous upward flow of fracturing fluids,
resulting in insufficient hydraulic energy for the downward extending
fracture and incomplete connection with the limestone. Furthermore,
the hydraulic fracture mainly propagated along the cleats system as it
reached the coal seam, forming a complex fracture network. The tracer
distribution observations after the experiments also revealed that the
fracturing fluid was primarily distributed around the cleats system and
did not form any fracture in the coal matrix.

Face and butt cleats as well as bedding planes were highly developed
in coals and the cohesive strength of these discontinuities was lower
than shale. Therefore, during the hydraulic fracturing operation, dam-
age or breakdown of these weak structural surfaces were more prone to
occur and induce the hydraulic fractures to turn and bifurcate, which led
to that the propagation path of hydraulic fracture was not always
perpendicular to minimum horizontal principal stress direction. Zhao
and Chen (2010) used the rock fracture mechanics methods and
analyzed the interaction type of hydraulic fracture and natural weak
face. Their results showed that the hydraulic fracture could stop, diverse
and cross lithological interface. However, it could be found in this study
that except from the three basic fracture propagation types obtained by
Zhao and Chen (2010), fracture behaviors such as bifurcation and offset
could be also observed. Take the specimen #1 in Fig. 4(a) as example,
the wing of upward hydraulic fracture bifurcated and diverted firstly
and then penetrated at the upper layer interface between shale and coal.
Therefore, the obtained findings in this study could enrich the fracture
intersection and penetration patterns and be better used to understand
the real fracture propagation behavior in unconventional fractured
formations or CMS.

5. Discussions

(1) Through several groups of true tri-axial hydraulic fracturing ex-
periments, this study analyzed the effects of various factors on
hydraulic fracture geometries and penetration laws in coal-
measure strata (CMS). However, due to limitations in the size
and number of real reservoir cores, the study utilized artificial
rock samples consisting of cement, quartz sand, and coal powder
instead of real cores. This may have caused some differences in
the results. To address this, the mechanical properties and natural
fracture features of real formations were considered during
sample preparation. Therefore, while the results may not be
entirely representative or quantitatively extrapolated to field
operations, the qualitative findings from the experiments provide
important insights into the establishment of mathematical
models and understanding of fracture height growth behavior in
CMS.

Previous studies showed that for tight limestone a simple fracture
geometry could be formed along the maximum horizontal in-situ
stress direction (Hou et al., 2018). For coal seams, hydraulic
fracture mainly extended along the natural path of cleats system
and finally fence-typed fracture network could be formed (Fan
and Zhang, 2014). For shale formations, the bedding planes was
continuously opened during the vertical propagation of hydraulic
fracture, resulting in the formation of fishbone- or step-typed
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fracture geometry (Tan et al., 2017, 2020). Through above ex-
periments, it could be indicated that the fracture geometry in
CMS was more complex and presented huge difference compared
with these single lithological formations. The typical fracture
geometries in CMS, tight limestone, coal and shale were showed
in Fig. 7. It could be found that for the fracture height growth of
CMS it exhibited strong non planar and asymmetric penetration
characteristics, which is mainly effected by the discontinuities
and strong heterogeneities in the vertical profile. In addition, the
hydraulic fracture extension follows the principle of least resis-
tance, priority, and shortest propagation path. Vertical hydraulic
fractures primarily propagate in the direction of minimum
resistance. Hydraulic fractures tend to follow the path of least
resistance, prioritizing the shortest and easiest route. In cases
where resistance is equal in all directions, the fracturing fluid
prefers to flow through pre-existing channels. Consequently, the
hydraulic fracture extends along the path of least resistance and
shortest propagation distance, and any other potential paths are
delayed or stopped. Unless an abnormally high injection pressure
is applied, these postponed or stopped fractures are unlikely to
propagate further.

Results showed that hydraulic fracture height growth was larger
and had bigger chance for hydraulic fracture communicating
adjacent gas bearing layers under high vertical stress difference
coefficient and injection rate, which means that the final SRV and
VHF was larger. Fig. 8 showed the hydraulic fracture geometry in
vertical profile under different conditions of in-situ stress and
flow rate. Based on the principle of co-exploitation of multiple
types unconventional gases, when integrated hydraulic fracturing
is performed in CMS, the hydraulic fracture height is expected to
propagate longer, cross the lithological boundaries and connect
more gas-production layers. According to above experimental
results, the layer with higher vertical stress difference coefficient
was recommended to be selected as the treatment zone. In
addition, the larger injection displacement was suggested in the
operation of hydraulic fracturing.

The stress distribution inside the sample was complicated
because of the effects of natural fracture system. The complex
multi-fractures wound dissipate the hydraulic energy, limit
fracture height growth and decrease the chance of layers crossing
(see Fig. 4). Meanwhile, multi-fractures increased the fracture
tortuosity and decreased the fracture width, which could seri-
ously restricted proppants migration in fracture, resulting in
premature sand removal. Hence, the fracture geometries should
be simplified as much as possible around the wellhole. This
problem could be improved by optimizing the following con-
struction technology: Firstly, the improvement of injection rate
and fracturing fluid viscosity could increase the possibility of
hydraulic fracture penetrating natural weak surfaces and
decrease the generation of branch fractures (Tan et al., 2020;
Wan et al., 2019); Secondly, a small amount of acid fluids was
suggested to be injected into the formation, which can increase
the main hydraulic fracture width through acid-rock reaction
(Zhang et al., 2020); Moreover, gradient sanding method could
be used in field application, in which the small sized proppants
were firstly employed to polish the perforating hole to reduce the
proppants migration resistance. Then the large sized proppants
were pumped (Tan et al., 2020).

On the one hand, for the vertical well fracturing, the wellbore
could easily induce the hydraulic fracture to propagate upward,
cross layer interface and connect the upper layer (see Fig. 4).
During the extension of main fracture, the fracturing fluids could
easily leak along the natural weak planes. Finally, these natural
weak planes wound be easily activated to form complex fracture
network. Due to the asymmetric propagation characteristics, the
hydraulic fracture mainly expanded upward in specimen #1 and
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Fig. 7. Schematic diagram of fracture geometry for (a) CMS, (b) tight limestone, (c) shale and (d) coal.

Fig. 8. Schematic diagram of hydraulic fracture geometry in vertical profile under different conditions of in-situ stress and flow rate.

#2 (see Fig. 4). Therefore, for vertical well fracturing in CMS, the
downside layer was better to selected as treatment zone to
improve the communication of different layers. In this condition,
proppants with low density or high suspension property were
suggested to be used, which could decrease the resistance of
proppants upward migration and prevent premature sand plug-
ging (Kale and Olatunji, 2017; Radwan, 2017). When the hy-
draulic fracture propagates upward along the wellbore, micro
fractures would be easily induced in the cement sheath and its
cemented surface with rock, resulting in gas channeling or casing
deformation and endangering wellhead safety (Shen et al., 2016;
Yu et al., 2016). So high toughness cement slurry or self-healing
water mud system could be used to enhance slurry performance
and cement quality in the target formation (Lee et al., 2016; Gao
et al., 2019). On the other hand, for the horizontal well frac-
turing, the hydraulic fracture initiated from the shale layer easily
turned or stopped along the beddings during extension (see
Fig. 4), Therefore, it was suggested to avoid selecting the layer
with high development degree of natural fractures for fracturing
operation to increase the possibility of multi-layer penetration.
The fracture height growth in CMS was complex, showing strong
asymmetric, nonplanar extension, and unilateral expansion fea-
tures due to the developed weak discontinuities and induced
complicated stress field within or between layers in CMS. These
factors were the main reasons for the formations of multi-
fractures around the wellbore and limited layer penetration.
Higher vertical stress difference coefficient and injection rate
resulted in larger fracture vertical extension distance and the
possibility of connecting adjacent gas bearing layers via hydraulic
fractures. Thus, it is recommended to choose a fracturing layer
with high vertical stress difference coefficient and increase the
injection rate appropriately to promote fracture height growth.

(3) For vertical well fracturing, the main hydraulic fracture followed
a “+” shape, and beddings in shale and cleats in coal could be
fully activated as the fracture vertically propagated and pene-
trated the layer interface. For horizontal well fracturing, the hy-
draulic fracture was prone to turn direction when encountering
weak discontinuities, leading to limited fracture height growth.
Developed discontinuities could induce hydraulic fractures
turning and branching to improve fracture network complexity.
However, they could also cause fracturing fluid loss and dissipate
hydraulic energy, making it necessary to avoid choosing shale or
coal layers with developed natural fractures as treatment zones
for integrated fracturing operation. Properly increasing frac-
turing fluid viscosity and injection rate could enhance fracturing
operation efficiency.

(4

—

Declaration of competing interest

We declare that we have no financial and personal relationships with
other people or organizations that can inappropriately influence our
work, there is no professional or other personal interest of any nature or
kind in any product, service and/or company that could be construed as
influencing the position presented in, or the review of, the manuscript
entitled.

Data availability

No data was used for the research described in the article.
Acknowledgements

The authors gratefully acknowledge the support of the China CNPC

science and technology project (2021DQ03-37, 2021DJ4706,
2021DJ4102, 2022DJ8005) and CPET science and technology project



P. Tan et al.
(CPET202105).

References

Aitammar, M.J., Sharma, M.M., 2017. Effect of Geological Layer Properties on Hydraulic
Fracture Initiation and Propagation: an Experimental study[C]//SPE Hydraulic
Fracturing Technology Conference, Woodlands, Texas, USA.

Andra, N., Marone, C., Elsworth, D., et al., 2008. Healing of simulated fault gouges aided
by pressure solution: results from rock analogue experiments[J]. J. Geophys. Res.
Solid Earth 113. B4.

Abdelaziz, A., Ha, J., Li, M., et al., 2023. Understanding hydraulic fracture mechanisms:
from the laboratory to numerical modelling[J]. Advances in Geo-Energy Research 7
(1), 66-68.

Clifton, R.J., Abou Sayed, A.S., 1979. On the Computation of the Three-Dimensional
Geometry of Hydraulic fractures[C]//Symposium Low Permeability Gas Reservoirs,
Denver, Colorado.

Chen, Z.X., Jeffrey, R.G., Zhang, X., 2015. Numerical modeling of three-dimensional T-
shaped hydraulic fractures in coal seams using a cohesive zone finite[J]. Hydraulic
Fracturing Journal 2 (2), 20-37.

De Pater, C.J., Beugelsdijk, L.J.L., 2005. Experiments and Numerical Simulation of
Hydraulic Fracturing in Naturally Fractured rock[C]//U.S. Symposium on Rock
Mechanics. Anchorage, Alaska.

Dontsov, E.V., 2022. Analysis of a constant height hydraulic fracture driven by a power-
law fluid[J]. Rock Mechanics Bulletin 1 (1), 100003.

Fan, T.G., Zhang, G.Q., 2014. Laboratory investigation of hydraulic fracture networks in
formations with continuous orthogonal fractures[J]. Energy 74, 164-173.

Feng, Y.C., Li, X.R., Gray, K.E., 2017. Development of a 3D numerical model for
quantifying fluid-driven interface debonding of an injector well[J]. Int. J. Greenh.
Gas Control 62, 76-90.

Guo, T.K., Zhang, S., Qu, Z., et al., 2014. Experimental study of hydraulic fracturing for
shale by stimulated reservoir volume[J]. Fuel 128, 373-380.

Guo, Y.T., Yang, C.H., Wang, L., 2017. Study on the influence of bedding density on
hydraulic fracturing in shale. Arab. J. Sci. Eng. 43, 6493-6508.

Ge, W.F., Chen, M., Jin, Y., 2011. Analysis of the external pressure on casings induced by
salt-gypsum creep in build-up sections for horizontal wells[J]. Rock Mech. Rock Eng.
44, 711-723.

Gao, Y., Yang, G.G., Lu, P.Q., et al., 2019. Study and application of a large temperature
difference cement slurry with good elasticity and toughness [J]. Drill. Fluid Complet.
Fluid 36 (1), 97-108.

Huang, B.X., Liu, J.W., 2018. Fully Three-Dimensional Propagation Model of Horizontal
Borehole Hydraulic Fractures in Strata under the Effect of Bedding planes[J]. Energy
Exploration & Exploitation, 1283110222.

Haddad, M., Du, J., Vidal-gilbert, S., 2018. Integration of dynamic microseismic data
with a true 3D modeling of hydraulic-fracture propagation in the vaca muerta shale
[J]. SPE J. 1714-1738.

Hou, B., Chen, M., Li, Z.M., et al., 2014. Propagation area evaluation of hydraulic
fracture networks in shale gas reservoirs[J]. Petrol. Explor. Dev. 41 (6), 763-768.

Hou, B., Zhang, R.X., Tan, P., et al., 2018. Characteristics of fracture propagation in
compact limestone formation by hydraulic fracturing in central Sichuan, China[J].
J. Petrol. Sci. Eng. 57, 122-134.

Huang, L.K,, Liu, J.J., Zhang, F.S., et al., 2019. Exploring the influence of rock inherent
heterogeneity and grain size on hydraulic fracturing using discrete element modeling
[J]. Int. J. Solid Struct. 176-177, 207-202.

Huang, L.K., He, R., Yang, Z.Z., et al., 2023. Exploring hydraulic fracture behavior in
glutenite formation with strong heterogeneity and variable lithology based on DEM
simulation [J]. Eng. Fract. Mech. 278, 109020.

Jeffrey, R.G., Bunger, A.P., 2007. A Detailed Comparison of Experimental and Numerical
Data on Hydraulic Fracture Height Growth through Stress contrasts[C]//SPE
Hydraulic Fracturing Technology Conference, Texas, USA.

Kim, C.M., Abass, H.H., 1991. Hydraulic Fracture Initiation from Horizontal Wellbores:
Laboratory experiments[C]//U.S. Symposium on Rock Mechanics, Norman,
Oklahoma.

Kale, J., Olatunji, O., 2017. Low Density Proppant in Slickwater Application Improves
Reservoir Contact and Fracture Complexity- a Permian Basin Case History [C]//SPE
Liquids-Rich Basins Conference - North America, Midland, Texas, USA.

Li, D.Q., Zhang, S.C., Zhang, S.A., 2014. Experimental and numerical simulation study on
fracturing through interlayer to coal seam [J]. J. Nat. Gas Sci. Eng. 21, 386-396.

Liu, S.X., Valké, P.P., 2015. An Improved Equilibrium-Height Model for Predicting
Hydraulic Fracture Height Migration in Multi-Layer formations[C]//SPE Hydraulic
Fracturing Technology Conference, Woodlands, Texas.

Liu, Z., Jin, Y., Chen, M., et al., 2016. Analysis of non-planar multi-fracture propagation
from layered-formation inclined-well hydraulic fracturing[J]. Rock Mech. Rock Eng.
49 (5), 1747-1758.

Li, Y., Deng, J., Liu, W., 2017. Numerical simulation of limited-entry multicluster
fracturing in horizontal well[J]. J. Petrol. Sci. Eng. 152, 443-455.

Li, Y.W., Long, M., Tang, J.Z., et al., 2020. A hydraulic fracture height mathematical
model considering the influence of plastic region at fracture tip[J]. Petrol. Explor.
Dev. 47, 184-195.

Li, Y.W., Hu, B.Q., Wu, J., et al., 2023. Optimization method of oriented perforation
parameters improving uneven fractures initiation for horizontal well fracturing[J].
Fuel 349, 128754.

Lee, S.W., Minki, J., Kim, J.W., et al., 2016. Application of ca-doped mesoporous silica to
well-grouting cement for enhancement of self-healing capacity[J]. Mater. Des. 89,
362-368.

Geoenergy Science and Engineering 231 (2023) 212316

Oyedokun, O., Schubert, J., 2017. A quick and energy consistent analytical method for
predicting hydraulic fracture propagation through heterogeneous layered media and
formations with natural fractures: the use of an effective fracture toughness [J].

J. Nat. Gas Sci. Eng. 44, 351-364.

Ouchi, H., Foster, J.T., Sharma, M.M., 2017. Effect of reservoir heterogeneity on the
vertical migration of hydraulic fractures[J]. J. Petrol. Sci. Eng. 151, 384-408.
Radwan, A., 2017. A Multifunctional Coated Proppant: a Review of over 30 Field Trials
in Low Permeability Formations [C]//SPE Annual Technical Conference and

Exhibition, San Antonio, Texas, USA.

Shen, J., Zhang, C.J., Qin, Y., Zhang, B., 2017. Effect factors on co-mining of sandstone
gas and coal bed methane in coal series and threshold of parameter in Linxing block,
Ordos Basin[J]. Nat. Gas Geosci. 28 (3), 479-487.

Settgast, R.R., Fu, P., Walsh, S.D.C., et al., 2017. A fully coupled method for massively
parallel simulation of hydraulically driven fractures in 3-dimensions[J]. Int. J.
Numer. Anal. Methods GeoMech. 41 (5), 627-653.

Shen, X., Shen, G., Standifird, W., 2016. Numerical Estimation of Upper Bound of
Injection Pressure Window with Casing Integrity under Hydraulic Fracturing [C]//
Rock Mechanics/Geomechanics Symposium, Houston, Texas, USA.

Teufel, L.W., Clark, J.A., 1984. Hydraulic fracture propagation in layered rock:
experimental studies of fracture containment[J]. SPE J. 19-32.

Thiercelin, M.J., Lemanczyk, Z.R., 1986. Stress Gradient Affects the Height of Vertical
Hydraulic fractures[J]. SPE Production Engineering, pp. 245-254.

Tan, P., Jin, Y., Han, K., et al., 2017. Analysis of hydraulic fracture initiation and vertical
propagation behavior in laminated shale formation[J]. Fuel 206, 482-493.

Tan, P., Jin, Y., Yuan, L., 2019. Understanding hydraulic fracture propagation behavior
in tight sandstone—coal interbedded formations: an experimental investigation.
Petrol. Sci. 16, 148-160.

Tan, P., Pang, H.W., Zhang, R.X., et al., 2020. Experimental investigation into hydraulic
fracture geometry and proppant migration characteristics for southeastern Sichuan
deep shale reservoirs[J]. J. Petrol. Sci. Eng. 184, 106517.

Tan, P., Jin, Y., Pang, H.W., 2021. Hydraulic fracture vertical propagation behavior in
transversely isotropic layered shale formation with transition zone using XFEM-
based CZM method [J]. Eng. Fract. Mech. 248, 107707.

Tien, Y.M., Kuo, M.C., Juang, C.H., et al., 2006. An experimental investigation of the
failure mechanism of simulated transversely isotropic rocks[J]. Int. J. Rock Mech.
Min. Sci. 43 (8), 1163-1181.

Tang, J.Z., Wu, K., Zeng, B., et al., 2018. Investigate effects of weak bedding interfaces on
fracture geometry in unconventional reservoirs[J]. J. Petrol. Sci. Eng. 165,
992-1009.

Tang, J.Z., Fan, B., Xiao, L.Z., et al., 2021. A new ensemble machine learning framework
for searching sweet spots in shale reservoirs[J]. SPE J. 26 (1), 482-497.

Warpinski, N.R., Clark, J.A., Schmidt, R.A., et al., 1982. Laboratory investigation on the
effect of in-situ stresses on hydraulic fracture containment[J]. Int. J. Rock Mech.
Min. Sci. Geomech. Abstracts 19 (6), 333-340.

Wan, L.M., Hou, B., Tan, P., et al., 2019. Observing the effects of transition zone
properties on fracture vertical propagation behavior for coal measure strata[J].

J. Struct. Geol. 126, 69-82.

Wang, D.J., Tang, H.M., Shen, P.W., et al., 2019. Co-effects of bed-ding planes and
parallel flaws on fracture evolution in ani-sotropic rocks[J]. Eng. Geol. 264, 105382.

Wei, D., Gao, Z.Q., Fan, T.L., 2014. Experimental hydraulic fracture propagation on
naturally tight intra-platform shoal carbonate[J]. J. Petrol. Sci. Eng. 157, 980-989,
2017.

Wang, W., Zheng, D., Sheng, G., et al., 2017. A review of stimulated reservoir volume
characterization for multiple fractured horizontal well in unconventional reservoirs
[J]. Advances in Geo-Energy Research 1 (1), 54-63.

Wang, X.H., Zhang, F.S., Tang, M.R., et al., 2021. Effect of stress shadow caused by multi-
stage fracturing from multiple well pads on fracture initiation and near-wellbore
propagation from infill wells. SPE J. 27 (1), 204-225.

Xing, P.J., Yoshiok, A.K., Adachi, J., et al., 2018a. Laboratory demonstration of hydraulic
fracture height growth across weak discontinuities. [J]. Geophysics 83 (2), 93-105.

Xing, P.J., Yoshiokab, K., Adachib, J., 2018b. Lattice simulation of laboratory hydraulic
fracture containment in layered reservoirs[J]. Computer and Geotechnics 100,
62-75.

Yu, Y.J., Jin, J.Z., Qi, F.Z., 2016. Progress of study on functional cementing fluids[J].
Drill. Fluid Complet. Fluid 33 (4), 1-7.

Zhao, H.F., Chen, M., 2010. Extending behavior of hydraulic fracture when reaching
formation interface[J]. J. Petrol. Sci. Eng. 74 (1-2), 26-30.

Zhao, H.F., Wang, X.F., Liu, Z.Y., 2019. Experimental investigation of hydraulic sand
fracturing on fracture propagation under the influence of coal macrolithotypes in
Hancheng block, China[J]. J. Pet. Sci. Eng. 175, 60-71.

Zhao, X.Z., Jin, F.M., Liu, X.W., et al., 2022. Numerical study of fracture dynamics in
different shale fabric facies by integrating machine learning and 3-D lattice method:
a case from Cangdong Sag, Bohai Bay basin, China[J]. J. Petrol. Sci. Eng. 218,
110861.

Zou, Y.S., Zhang, S.C., Qu, Z.Q., et al., 2016a. Experimental investigation into hydraulic
fracture network propagation in gas shales using CT scanning technology[J]. Rock
Mech. Rock Eng. 49, 33-45.

Zou, Y.S., Ma, X.F., Zhang, S.C., et al., 2016b. Numerical investigation into the influence
of bedding plane on hydraulic fracture network propagation in shalefFormations[J].
Rock Mechancis and Rock Engineering 49, 3597-3614.

Zhang, X., Jeffrey, R.G., 2007. Hydraulic Fracture Propagation across Frictional
interfaces[C]/. U.S. Rock Mechanics Symposium, Vancouver, Canada.

Zhu, H.Y., Deng, J.G., Zhao, J., et al., 2014. Cementing failure of the casing-cement-rock
interfaces during hydraulic fracturing. Comupt. Concr. 14 (1), 91-107.



P. Tan et al.

Zhang, F.S., Dontsov, E., Mack, M., 2017. Fully coupled simulation of hydraulic fracture
interacting with natural fractures with a hybrid discrete-continuum method[J]. Int.
J. Numer. Anal. Methods GeoMech. 41 (13), 1430-1452.

Zhang, F.S., Damjanac, B., Maxwell, S., 2019. Investigating hydraulic fracturing
complexity in naturally fractured rock masses using fully coupled multiscale
numerical modeling[J]. Rock Mech. Rock Eng. 52 (12), 5137-5160.

Zhang, R.X., Hou, B., Shan, Q.L., et al., 2018. Hydraulic fracturing initiation and near-
wellbore nonplanar propagation from horizontal perforated boreholes in tight
formation[J]. J. Nat. Gas Sci. Eng. 55, 337-349.

10

Geoenergy Science and Engineering 231 (2023) 212316

Zhang, R.X., Hou, B., Tan, P, et al., 2020. Hydraulic fracture propagation behavior and
diversion characteristic in shale formation by temporary plugging fracturing [J].
J. Petrol. Sci. Eng. 177, 442-451.

Zhang, J., Li, Y.W., Pan, Y.S., et al., 2021. Experiments and analysis on the influence of
multiple closed cemented natural fractures on hydraulic fracture propagation in a
tight sandstone reservoir[J]. Eng. Geol. 281, 105981.



BA3EH 1L KR AT
2023 4 11 H Natural Gas Industry <131 -

SI3C: BREIMH, B X, TUE ST, . Bl s AR R R IRA 65 % o | K5 V0% 8RN [I]. KRR Tk, 2023, 43(11): 131-136.
CHEN Zhaowei, ZHOU Wengao, XIANG Degui, et al. Development of rubber composite casing for preventing shale gas casing
deformation and its shear resistance evaluation[J]. Natural Gas Industry, 2023, 43(11): 131-136.

MR E [SETHEEE S EEMH| ARV N

R R XET TUER OB BT R 2V MREY fRfY & EY
L TR TESBAIRAT 2. MBS BOR X TR
3P RER TRARAT 4 BEANA% (B30

WE: MEARHNARAHRT LN EA AL, ENEAEFAIABFEE2BAEE AV A, EC AN RYHEHTE,
AHEEHAMEGEAY, PEALGERER A ANAERAF L. Hith, FARBRTOREEE /7= g (ot R, A3kt T —
MERAEEE  EEEEERAVE. BRREKE., TEEEHE., KREREMTKBKEEFEREM L, ht T RRRM, &
TARBE R IL G AR EAR K e R A RIRA & EE T T NT WKL, &)5F A ABAQUS A R TR AH L T R4 &
EEMHBIE N FEE, FNTRRAGEENRT IR FREREA : OWKERBEL TN g m Rk T HEMLH KA,
Ry TEE, RUCHER I ETAS 372 ~ 40.0 mm; Q LR EE L nit, BEHEHEMZ B, BREHFELE 21.7 mm B,
BT LR BB, BEEERERY. AN, RRAGECTUARRKRE / WENBHLYE, ATRFTA
EEELZYH, AMRG T RAAHANERETRE, EETRTAY, THRETEANREFLREEEHHRHE.
XEIE: TEA; BEAN  AUBE RRAEGEY ; TR

DOI: 10.3787/j.issn.1000-0976.2023.11.012

Development of rubber composite casing for preventing shale gas
casing deformation and its shear resistance evaluation

CHEN Zhaowei'?, ZHOU Wengao®, XIANG Degui'”, TAN Peng'?,
SONG Jian"?, CHEN Xiaojun"?, REN Lejia"*, HUANG Hao"*

(1. CNPC Engineering Technology R & D Co., Ltd., Beijing 102206, China; 2. National Engineering Research Center for Oil & Gas
Drilling and Completion Technology, Beijing 102206, China; 3. CNPC Chuanging Drilling Engineering Company Limited, Chengdu,
Sichuan 610051, China; 4. China University of Petroleum, Beijing 102249, China)

Natural Gas Industry, Vol.43, No.11, p.131-136, 11/25/2023. (ISSN 1000-0976; In Chinese)

Abstract: Shale gas is the current focus and hotspot of natural gas exploration and development, but casing deformation happens
frequently during it development, which not only impacts single well production, but also shortens the service life of wellbore, seriously
restricting the large-scale benefit development of shale gas in China. In this paper, a rubber composite casing is designed according to
the principle that rubber can absorb the sliding displacement of fracture/fault. Then, an optimal rubber is selected by taking into account
the factors comprehensively such as casing deformation, rubber expansion rate, casing running friction, cement slurry channel, and water
absorption and expansion efficiency. In addition, a slotted hole structure is designed for the rubber cylinder, and shear tests are conducted
on the rubber composite casing using a physical simulation test system. Finally, a three-dimensional mechanical model for displacement
loading of the rubber composite casing is established using ABAQUS finite element software, and the shear resistance of the rubber
composite casing is evaluated. And the following research results are obtained. First, the expanded rubber absorbs the displacement load
of the formation through deformation and fragmentation, so as to protect the casing. And it can absorb the formation sliding as large as
37.2-40.0 mm. Second, the casing deformation decreases with the increase of rubber cylinder thickness. When the rubber cylinder is
21.7 mm thick, the rubber can absorb all displacement loads, to avoid casing deformation. In conclusion, the rubber composite casing can
absorb the sliding displacement of fracture/fault effectively, so as to protect the inner casing from damage and consequently improve the
fracturing construction efficiency of shale gas well and shorten the commissioning cycle, which provides an important technical support
for the benefit development of shale gas in China.

Keywords: Shale gas; Casing deformation; Large displacement; Rubber composite casing; Shear test
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cal Prospecting,2021.,56(6):1279-1285.

As an effective method to apply surface seis-
mic data to development seismology. logging-
while-drilling ( LMD ) processing plays an impor-
tant role in avoiding drilling risk and improving the
drilling success rate. The core problem is how to
use the measured data while drilling to improve the
accuracy of the surface seismic velocity model and
further promote the accuracy of seismic data ima-
ging and guide the adjustment of drilling trajecto-
ries. Therefore, this paper proposed the correction
method for the well-driven seismic velocity model.
Specifically, given the traditional pre-stack depth
migration velocity model, we presume the velocity
and depth information of the drilled formations
while drilling as constraints and rapidly correct the
existing seismic velocity model combined with the
logging and VSP data of drilled wells in the sur-
rounding area. In this way, more accurate seismic
underground imaging can be obtained, and the ge-
ological description and prediction of the undrilled
formations can be realized to improve the drilling
success rate. Oilfield examples show that this
method shortens the update and iteration time of
the velocity model and can meet the accuracy and
timeliness requirements of LWD processing. The
proposed method plays an important role in impro-
ving the accuracy of real-time pre-drilling predic-
tion while drilling.

Keywords: logging-while-drilling, velocity mode-
ling, velocity model correction, pre-stack depth
migration, well-driven

1. Northwest Branch, Research Institute of Petro-
leum Exploration &. Development, PetroChina ,
Lanzhou, Gansu 730020, China

Microseismic characteristics of shale gas wells with
casing deformation in Changning, Sichuan. CHEN
Zhaowei' , ZHANG Haozhe’, ZHOU Xiaojin®, and
CAO Hu’. Oil Geophysical Prospecting,2021,56(6 ):
1286-1292.

To address the casing deformation of shale gas
wells in Sichuan Basin, this paper calculates the
casing deformation of the H19 platform with a
small bridge plug size and multi-finger image tool
(MIT ) data and analyzes the characteristics of the
spatial and temporal distribution and moment mag-
nitude of microseismic events at casing deforma-
tion points. The fracture surface model is estab-
lished depending on the spatial distribution charac-
teristics of identified natural fractures. The quanti-
tative relationship among casing deformation, nat-
ural fracture scale and microseismic moment is an-
alyzed by the model. There were 9 deformation
values, with the minimum of 6. 10mm and the
maximum of 50.43mm, averaged to be 28.03mm.
The spatial and temporal distribution characteris-
tics of microseismic events are as follows : @ The
microseismic events are not symmetric about the
wellbore ; @most of the microseismic events in dif-
ferent fracturing stages are overlapped spatially,

showing linear distribution; @ there are many
large-moment-magnitude events ; @ the frequency
of large-moment-magnitude events is relatively
high in the middle or late fracturing period. Ac-
cording to the calculation with the fracture surface
model, the area of the fractures causing casing de-
formation in shale gas wells in the Changning area
is 40000 ~ 70000m?*, the seismic moment 2. 57 X
10°~7.57X10"N-m, and the moment magnitude
range is —1.16~0.79. These results have guiding
significance for real-time monitoring and early
warning of casing deformation according to micro-
seismic events and prevention of casing deforma-
tion via the judgment of natural fracture scale.
Keywords: Sichuan Basin, shale gas, casing deform-
ation, hydraulic fracturing, natural fracture, micro-
seismic, casing deformation value

1. CNPC Engineering Technology R & D Compa-
ny Limited, Beijing 102206, China

2. China University of Petroleum (Beijing) , Beijing
102249, China

3. Shale Gas Research Institute, PetroChina South-
west Oil & Gasfield Company, Chengdu, Sichuan
610051, China

AVF inversion based on analytical solution of viscous
acoustic equation. YANG Wuyang' , LI Yuangiang’ ,
HUANG Yan’, LI Jingye’, WANG Enli', and
ZHOU Chunlei' . Oil Geophysical Prospecting, 2021 ,
56(6):1293-1300.

The P-wave attenuation and dispersion are the
main reasons for the attenuation of PP wave seis-
mic records. Therefore, in theory, only the post
stack seismic data of the PP wave is required for
AVF inversion and the subsequent acquisition of P-
wave dispersion factor that can indicate the fluid
area. However, the AVF inversion method based
on the traditional single-interface assumption is not
satisfactory and is controversial in many aspects.
So, an AVF inversion method based on the analyt-
ical solution of the zero-offset viscous acoustic e-
quation is proposed. The process is as follows ;: O
The time-frequency spectra of seismic records are
calculated by a time-frequency spectrum method.
@ With seismic records, wavelets are extracted to
eliminate the wavelet overprints in seismic data
and thereby obtain the time-frequency spectra of
the reflection coefficients. @ According to the vis-
cous acoustic equation, wave impedance inversion
is carried out to obtain more accurate impedance
parameters and thus to calculate the Fréchet deriv-
ative. @An AVF inversion equation is formulated
in view of the derivative matrix. Then, appropri-
ate reference frequency points and frequency points
involved in the calculation are selected to acquire
the high-precision dispersion attributes through in-
version. Numerical simulation and actual data tests
show that interface dispersion has little effect on
seismic records and the AVF effect of the propaga-
tion process is much greater than that caused by
interface dispersion. The accuracy and resolution
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General Methods and Philosophical Thinking for Solving
Engineering Problems: Taking the Issue of Casing Deformation in
Sichuan Shale Gas Development As an Example

Chen Zhaowei

Drilling Teohnology Research Institute, CNPC Engineering Technology R&D Company Limited, Beijing 102206, China

Highlights Graphical Abstract

Summarizing 10 years of scientific
research experience, a process and
method for solving engineering
problems were proposed, which
includes four stages: problem posing,
research mechanism, R&D technical
means, and product promotion.

The underlying logic of PRIS aligns with
the epistemology and methodology of
dialectical materialism. The four
stages of PRIS are the process of
dialectical materialist epistemology of
"practice cognition re-practice
cognition". PRIS follows a dialectical
relationship between particularity and
generality, problem and contradiction,
phenomenon and essence.

PRIS reveals the intrinsic connections
between science, technology, and
engineering, providing researchers
with a methodology for research and
graduate education.

Abstract: Problems often arise in large-scale engineering construction operations. In order to quickly and efficiently find ideas
and solutions to solve engineering problems and improve economic benefits, this paper sorts out the research process of shale
gas casing deformation problems, and applies dialectical materialism philosophy to observe and refine. The general process and
method for solving engineering problems are analyzed and summarized:

(1) Problems posing: through comprehensive investigation, typical case analysis, as well as refining the rough and accurate,
and combining professional theoretical knowledge to extract scientific problems from engineering problems.

(2) Research mechanism: Based on scientific problems, a reasonable abstraction of the occurrence process of on-site
engineering problems is carried out, and a model related to various main factors is established. Using the model, theoretical/
numerical/experimental research is conducted to clarify the main controlling factors of scientific problems and the inherent
connections between each factor. Using a model, analyze the process of contradictory movements that occur in a problem, clarify
which stages the process has, the particularity of each stage’s contradiction, the main and secondary contradictions, the main and
secondary aspects (factors) of the contradiction, how each factor is connected, the position of each aspect of the contradiction,
the situation of confrontation, and their respective changes, in order to ultimately reveal the essential causes of the problem.

(3) Research and development innovation meass: Based on the understanding of the contradictions that arise, analyze the
conditions for the transformation of contradictions, explore ways to solve problems, and then develop specific technical methods
to solve engineering problems around technical issues such as prediction, warning, control, and prevention.

(4) Experimentation and extension services: In the process of testing new processes and technologies, analyze and test the new
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problems brought by system matching, optimize and improve the product, improve technical maturity, and ultimately solve
engineering problems.

The above process can be described using PRIS, whose underlying logic aligns with the epistemology and methodology of
dialectical materialism. On the one hand, PRIS contains the epistemological ideas of dialectical materialism, that is, the four
stages of PRIS are the process of dialectical materialist epistemology of “practice cognition re practice cognition”. On the other
hand, PRIS contains the dialectical thinking of materialism, which follows the dialectical relationship between special and
general, problem and contradiction, phenomenon and essence. As an engineering process method that embodies philosophical
regularity, PRIS can not only provide guidance for solving engineering problems in engineering practice, but also reveal the
inherent connections between science, technology, and engineering, and provide a feasible methodology for cultivating
outstanding engineers.

Keywords: hollow microspheres; shell structure; lightweight; divisional design; structural stability; functionality regulation
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Integrated prevention and control technology of casing deformation in shale gas
development well in Sichuan Basin

Chen Zhaowei, Xiang Degui
( CNPC Engineering Technology R&D Company Limited )

Abstract: With regard to the casing deformation in shale gas development wells in Changning-Weiyuan national demonstration area in
Sichuan Basin, an integrated prevention and control technology is proposed. By using the fluid channel-fault activation model and combining
with mechanics condition of fault slip and quantitative risk assessment (QRA), the section with casing deformation risk is predicted; The law
of interaction between fault slip and casing is analyzed to prevent casing deformation by method of “overcoming hardness with softness”;
The microseismic characteristics are analyzed in wells with casing deformation, and the microseismic signals are monitored in real time
during fracturing, so as to early warn the casing deformation; Based on fluid channel and fracturing model, casing deformation is controlled
by optimizing fracturing parameters and technology of multi-cluster perforation + temporary plugging. To sum up, an integrated casing
deformation prevention and control strategy is formed, including pre-drilling prediction, pre-fracturing prevention, early warning and control
in fracturing, which provides a basis for solving the problem of casing deformation in shale gas development wells.

Key words: shale gas, casing deformation, fracturing, integration, casing damage
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Fig.1 Schematic diagram of fluid channel—fault activation model
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