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Abstract To investigate the hydraulic fracture
extension pattern of single-hole shale during hydrau-
lic fracturing under fluid—solid coupling, this paper
utilizes seepage—stress—damage coupling software to
establish a mechanical model of hydraulic fracture
initiation in single-hole shale under different pore
pressure increments in seven groups. The results
reveal that under the action of a single-hole pres-
sure gradient, shale is destabilized and destroyed by
shale instability after two damage degradations under
the coupled action of hydraulic and peripheral pres-
sures, the fracture network is fully developed, and
the stress decreases sharply. The final damage pat-
tern of the hydraulic fracture distribution is catego-
rized into two types: “X” and “Y”. The hydraulic
gradient under hydraulic fracturing is distributed as
a closed-loop strip, the hydraulic gradient decreases
layer by layer from the inside to the outside, the seep-
age field and stress field interact with each other, and
the pore water pressure and stress are coupled with
each other, resulting in increasingly complete fracture
development.
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Article highlights

(1) Single-hole shale under flow—solid coupling for
hydraulic fracture testing via RFPA%P-Flow soft-
ware is studied.

(2) The content and distribution of brittle minerals
in shale reservoirs affecting hydraulic fracture
extension are studied.

(3) Damage stress analysis of shale under the cou-
pling of pressure and pore water pressure is com-
pleted.
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1 Introduction

Shale gas is a vital nonconventional natural gas
resource that is mainly stored in shale formations or
mud shale as free or adsorbed gas and can be used in
a wide range of applications (Wu et al. 2023), such as
residential gas, heating, power generation, automotive
fuel and chemical production (Slatt and Rodriguez
2012; Changtao et al. 2017; Pan and Connell 2015).
After the drilling of shale gas wells is complete, only
a few wells with particularly well developed natural
fractures can be directly produced. The underlying
reason is the low permeability of the shale matrix
(generally less than 1 mu), which makes exploration
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and development difficult. More than 90% of the
wells need to undergo reservoir modification, such
as acidizing and fracturing, to obtain more desirable
production, and shale reservoirs are usually deeply
buried and large and are characterized by a high con-
fining pressure, fine pore throats and extremely low
permeability of the shale matrix (Jiu et al. 2013;
Yakaboylu et al. 2020). The world has abundant shale
gas resources, and shale oil has become a focus for
unconventional oil and gas development (Arthur and
Asiedu-Okantah 2021; Kazemi et al. 2019; Orozco
et al. 2018; Tong et al. 2021; Xie and Zhao 2021; Yu
et al. 2021). Among these reserves, China’s recovera-
ble shale gas reserves rank first in the world, and shale
gas resources are widely distributed in hydrocarbon-
bearing regions, such as the Sichuan Basin, Ordos
Basin and Junggar Basin; additionally, these reserves
have broad exploration prospects and great develop-
ment potential (Yaoru et al. 2002; Zou et al. 2016).
Due to the low proportion of natural gas in primary
energy, China has been using coal as its main energy
source. Currently, China must vigorously develop
natural gas to ensure the security of the energy supply
and develop a low-carbon economy (Chai et al. 2019;
Li et al. 2021; Liu et al. 2019).

The physical characteristics of the low porosity
and low permeability of shale gas reservoirs restrict
the flow of internal gas, and the use of hydraulic frac-
turing technology to form a fracture network inside
shale reservoirs is the key to achieving successful
shale gas development. Due to the complex geologi-
cal and tectonic conditions of organic-rich shale res-
ervoirs in China, the physical properties of shale vary
greatly among different blocks, and their mechani-
cal parameters exhibit obvious anisotropic charac-
teristics; therefore, the conventional mechanism for
hydraulic fracturing fracture expansion in shale res-
ervoirs cannot be fully applied. Thus, it is important
to conduct experimental research on the anisotropic
properties of shale matrices and fracture expansion
mechanisms of hydraulic fracturing and to determine
the mechanical properties of shale reservoirs to inves-
tigate the fracture initiation conditions, expansion
patterns and factors influencing hydraulic fracturing
for the successful development of shale gas (Ke-Wei
et al. 2015).

Currently, hydraulic fracturing is a promising
method for increasing the production of oil and gas
wells and has a wide range of applications (Zhao
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et al. 2014). Numerical simulation of fracture net-
works formed by hydraulic fracturing has been chal-
lenging because hydraulic fracturing is a complex
physical process that includes not only the destruction
of the rock mass and fluid—solid coupling but also
the interaction of artificial fractures with native natu-
ral fractures. In recent years, many scholars at home
and abroad have used numerical simulation methods
to carry out extensive work on the hydraulic fractur-
ing process and have achieved corresponding results.
Olson et al. (2015) studied the intersection of frac-
tures due to hydraulic fracturing and natural fractures
in the process of horizontal well fracturing by using a
two-dimensional DDM model with correction factors
and by considering the uniform hydraulic pressure
and fracture height. Weng et al. (2011) used a DDM
model to numerically simulate the deformation and
propagation of fractures due to hydraulic fracturing
and concluded that the intersection of fractures due to
hydraulic fracturing and natural fractures is affected
by in situ stress and fracturing parameters. For exam-
ple, Ma et al. (2016) reported that the direction of the
minimum principal stress and the difference between
the maximum and minimum horizontal stresses both
significantly affect the propagation of hydraulic frac-
tures. Zhigang et al. (2012) noted that the viscosity of
the fracturing fluid has little effect on fracture propa-
gation, but the injection pressure and elastic film vol-
ume of the fracturing fluid have significant effects on
the propagation of hydraulic fractures. Jiang (2016)
established a three-dimensional numerical simulation
of hydraulic fractures to ascertain the influence of dif-
ferent geological and operating factors on the fracture
propagation in a coalbed methane reservoir, and the
results showed that the greater the difference between
the elastic modulus and fracture toughness was, the
stronger the inhibitory effect on the extension of the
main fractures was; however, this difference was con-
ducive to the formation of more induced fractures.
Bu et al. (2019) used RFPA?P to study the hydraulic
splitting process of heterogeneous rock masses under
different perforation angles, which was consistent
with the theoretical solution of the optimal perfora-
tion angle.

These studies have neglected the mutual cou-
pling between media deformation and the fluid skel-
eton and the mutual coupling between seepage and
stress fields in the actual seepage process of shale
in hydraulic fracturing. Therefore, in studying the
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pattern of change between the shale stress field and
seepage field as well as the mechanical properties of
shale during the shale damage process, the fracture
expansion pattern and the flow trend of the hydrau-
lic gradient map provide a theoretical basis and data
support for the optimal design of hydraulic fracturing
in shale gas reservoirs and control of the geometry of
the fracture network.

2 Regional geological setting
2.1 Regional geological characteristics

Fenggang shale gas block three is located in northern
Guizhou Province. This area is an important part of
the pilot test area project of the National Shale Gas
Resources Strategic Survey. It has good geological
research foundation and resource development pros-
pects. The main characteristics of the study area are
early subsidence, late uplift, a long subsidence period
and a short uplift period. The study area shows the
long-term development and continuous evolution of
the superposition of a marine—continental complex.
Due to the repeated superposition of multistage tec-
tonic movements, the Yangtze Platform has com-
plex structural forms. The Qianbei region is geotec-
tonically located in the upper Yangzi platform area.
The geology of the two areas has some connectivity.

Therefore, the Yangzi platform also features a com-
plex tectonic pattern in the Qianbei region. The lower
Cambrian Niutitang Formation is a widely developed
formation in Guizhou Province, and it is the main
target layer for shale gas development. The lower
Cambrian Niutitang Formation is the most widely
distributed black shale series in Guizhou. It is char-
acterized by a large thickness, high organic matter
abundance and maturity. The lithologies are mainly
gray-black shale, carbonaceous shale, siliceous shale,
and silty shale with argillaceous siltstone and siltstone.
Figure 1 shows a map of the area of the three blocks
in Fenggang, Qianbei, and Guizhou.

2.2 X-ray mineral diffraction analysis of the cores

Shale is a sedimentary rock that contains large
amounts of organic matter and is composed primar-
ily of clay minerals and quartz minerals (Alafnan
2022). The clay minerals within shale have a large
specific surface area and are capable of adsorbing a
large amount of shale gas; the brittle minerals in shale
are capable of producing a large number of cracks
under stress, which can become important seepage
channels for shale gas (Ross and Bustin 2009; Zhang
et al. 2020). The mineral composition of the Niuti-
tang Formation shale was analyzed via X-ray diffrac-
tion (XRD) experiments on 19 pieces of shale. Fig-
ure 2 shows that the mineral composition of Niutitang
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Fig. 1 Regional map of Fenggang III block in Qianbei, Guizhou Province (Song et al. 2020)
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Fig. 2 Plot of shale mineral composition with depth

Formation shale mainly contains brittle minerals,
such as quartz, calcite, feldspar, mica and clay min-
erals. The quartz contents ranged between 36.21
and 77.32%, with an average content of 58.97%, and
the clay mineral contents ranged between 4.76 and
23.76%, with an average content of 10.45%.

2.3 Scanning electron microscopy technique

Shale gas occurs in shale pores, which are important
storage spaces and circulation channels for shale gas
(Wang et al. 2016a) and studying the shale pore struc-
ture characteristics and gas-bearing ability is key to
understanding the mechanism of shale gas enrich-
ment (Gu et al. 2019; Igbal et al. 2021). By observ-
ing the surface morphology and pore structure of
rock samples through scanning electron microscopy,
information such as the pore size, morphological
characteristics, and distribution can be obtained. The
shale samples were scanned by electron microscopy
to observe their pore development characteristics. As
shown in Fig. 3, the pores in the black shale reser-
voir of the Niutitang Formation in northern Guizhou
Province are dominated by nanoscale pores. The
organic matter pores are poorly developed, the pores
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are mostly flat and subhedral, the dissolution pores
in the organic matter pores are more developed, and
strong tectonic activity is conducive to the develop-
ment of dissolution pores, while fault zones with
strong deformation are more likely to produce more
dissolution pores and fractures. The pore develop-
ment characteristics of Niutitang Formation shale are
shown in Fig. 3.

3 Numerical model
3.1 Brief description of the model

Numerical simulation is currently one of the most
common and effective methods used to study and
model the deformation and damage behavior of
geotechnical materials. The numerical simulation
software can realistically simulate the whole pro-
cess of crack initiation, expansion and damage until
fracturing (Duan et al. 2006; Tang et al. 2005).
The RFPAZP-Flow system is a simulation software
package based on seepage mechanics equations and
elastic damage theory that can simulate the gradual
damage process of rock media under varying pore
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Fig. 3 Characteristics of shale pore development in Niutitang Formation

water pressures. In addition to the classical Biot
coupled equation for seepage mechanics, a modi-
fied coupled equation for seepage and strain (rate
of change in the pore space) is used in the system
calculation. Using the RFPA?P-Flow version of the
numerical software, it is assumed that the shale
fine-scale unit satisfies the Weibull distribution, the
nature of the unit is considered to be linear-elastic-
brittle or brittle-plastic, and the other parameters,
such as the elastic modulus and strength of the unit,
obey certain kinds of distributions, such as the nor-
mal, Weber, and uniform distributions.

For the unit permeability-damage coupling equa-
tion, when the shear stress reaches the Mohr—Coulomb
damage threshold, the damage variable is expressed by
the following equation (Xu et al. 2006):

0 € <eg,
D= l—fc—"e%Se )

Eye

In the formula, f,, is the uniaxial compressive
residual strength and ¢, is the maximum compres-
sive strain.

The experiments show that the damage causes
the permeability coefficient of the specimen to
increase sharply, and the change in the permeability
coefficient can be described as follows:

1 /loe—ﬂ(ﬂl—ap) D=0
- Cﬂoe_ﬂ(o'l_aﬂ) D>0 )

In the formula, A is the initial permeability coef-
ficient; p is the pore pressure; and {, o, and P are the
permeability coefficient rate of increase, pore pres-
sure coefficient and coupling coefficient, respectively.

The problem of groundwater seepage in rock frac-
tures can be modeled by following Darcy’s law for
the seepage problem.

0= Kw% = Kwl 3)
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In the formula, Q is the infiltration flow rate, w is
the water cross-section, /2 is the head loss, L is the
infiltration path, / is the hydraulic gradient, and K is
the infiltration coefficient.

3.2 Model validation

RFPA?P-Flow numerical simulation software is a
suitable tool for studying hydraulic fracturing behav-
ior. Xu et al. (2015) numerically simulated a circu-
lar borehole in a nonhydrostatic stress field, and by
comparing the numerical simulation results and ana-
lyzing the Kirsch solution, it was concluded that the
software is suitable for studying hydraulic fractur-
ing. It is suitable not only for the stress fields induced
around boreholes but also for the initiation and propa-
gation patterns of hydraulic fracturing. In addition,
the coupled flow, stress and damage (FSD) model in
the RFPA simulation has been validated in previous
publications (Tang et al. 2002; Noghabai 1999; Wang
et al. 2016b; Rabczuk et al. 2010; Thallak et al. 1991;
Yu et al. 2016).

Comparing the numerical simulation results with
the experimental results (Zhang et al. 2019), the
experimental setup has a horizontal stress difference

of 1.5 MPa, and the numerical simulation in this
paper sets up a horizontal stress difference of 0 MPa.
As shown in Fig. 4, the simulation curve in this
paper shows stronger plasticity, and it can be seen
that the overall upward and downward trends of the
pump pressure curve and the stress curve obtained by
numerical simulation are similar, and the peak stress
of the final failure is relatively similar, with the simu-
lated value of 73.04 MPa, the experimental value of
63.12 MPa, and the error of 13.58%.In summary, the
numerical model can well simulate the hydraulic frac-
turing characteristics of rocks.

3.3 Mechanical modeling

In this study, a numerical model was developed based
on geological data from the Niutitang Formation
in Fenggang shale gas block 3, Guizhou. As shown
in Fig. 5, the model is a two-dimensional numeri-
cal model (30 mm in length and 30 mm in height)
divided into a grid of 200x200 cells with a well
diameter of 15 mm. To study the influence of differ-
ent loading pore water pressures on the mechanical
properties of shale, seven groups with 20% quartz
content were established; the confining pressure was
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Fig. 5 Schematic diagram
of shale numerical model
loading

shale substrate

fixed at 10 MPa; the initial pressure in the hole was 1
MPa; and the loading rates were 0.2 MPa, 0.25 MPa,
0.3 MPa, 0.35 MPa, 0.4 MPa, 0.45 MPa, and 0.5 MPa
in each step increment until the shale was completely
destabilized and destroyed. In this numerical model,
it was assumed that the rock strength and elastic mod-
ulus obey the Weibull random distribution (Liu et al.
2021a, 2023a).

m—1 m
p@="(2)  exp |- = )
4 \ 9 )

In the formula, @(a) is the statistical distribution
density of the mechanical properties of microscopic

fixed constraint

elements a, a is the average value of the mechanical
properties of the microelements, a is the mechanical
property parameter representing the microunit, and m
is the uniformity coefficient. m is an important param-
eter affecting the macroscopic response of numerical
samples; m and a, must be determined according to
the actual macroscopic strength of shale.

The shale is filled with quartz, resulting in its
respective internal nonuniformity. To be fully
reflected in the test process, the Monte Carlo
method is used to assign values for the finite ele-
ment mesh element. The initial mechanical param-
eters of the shale reservoir are shown in Table 1
below.

Table 1 Material

< . Input parameters
parameters of microscopic

Shale matrix Quartz particle

media in shale (Wu et al. Homogeneity index, m 5 8

2021) Young’s modulus, E (MPa) 51600 96000
Uniaxial compressive strength, f, (MPa) 147 375
Angle of internal friction, y (°) 35 60
Ratio of compressive-tensile strength of rock, C/T 14 15
Poisson’s ratio, u 0.22 0.08
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4 Results and discussion
4.1 Evolution pattern of damage to the shale strength

According to the results of the numerical simulation
experiments, the loading steps and stress changes in
the single-hole shale under the different pore water
pressure increments are obtained, as shown in Fig. 6.
The graph shows that the stress generally increases
as the loading step increases. Like the conventional
rock stress curve, the curve undergoes three stages:
the elastic phase, the plastic phase, and the failure
phase. However, there is an interesting phenomenon
in the plastic phase in which a small decrease in the
stress curve occurs for the first time between load-
ing steps 60 and 110, followed by an increase in the
stress curve, which continues to increase and indi-
cates strong plasticity; this phenomenon is defined by
the author as initial stress damage. The phenomenon
is that the pore water pressure inside the circular hole
exceeds the maximum tensile strength of the shale,
the shale appears to be damaged by local tension, and
some of the stresses are released in the form of defor-
mation; moreover, the whole pore pressure remains
stable under circumferential pressure, but the shale
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40 D60 80 100

12054140 160

Loading steps

appears to be in an intensely plastic state because it
has already been damaged.

After the initial stress damage occurs in the shale,
the curve continues to increase in a fluctuating pat-
tern as the pore water pressure continues to increase.
This is because when cracks have formed in the shale,
the pore water pressure in the fractures continues to
increase, the fractures continue to expand, and the
fractures cannot continue to transmit stress; thus,
the stress curve fluctuates and rises. After the stress
reaches the maximum strength of the controlling rock
surrounding the shale, the stress decreases sharply,
which corresponds to the overall penetration of frac-
tures in the shale. In this paper, the author defines this
phenomenon as secondary stress damage.

The primary stress damage and the secondary
stress damage in Fig. 6 are plotted separately, as
shown in Fig. 7, and the relationships between them
and the pore water pressure increase are studied.
Figure 7a shows the relationship between the initial
stress damage and the increase in pore water pressure,
and the primary stress damage shows a slight upward
trend with increasing pore water pressure. When the
pore water pressure increase is 0.4 MPa/step, the ini-
tial stress damage increases rapidly to 36.54 MPa,
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Fig. 7 Trend of shale damage stress under different water pressure increments; a primary stress damage; b secondary stress

which is 94% of the initial stress damage correspond-
ing to a pore water pressure increase of 0.35 MPa/
step. Figure 7b shows the relationship between the
secondary stress damage and hydraulic increase, from
which it can be seen that with increasing hydraulic
pressure, the secondary stress damage also shows an
increasing trend; however, unlike Fig. 7a, the second-
ary stress damage is more sensitive to the hydrau-
lic pressure increase. When the pore water pressure
increases continuously, the water can fill the holes at
a slower rate when the pore water pressure increment
is small. When a crack occurs, because the circular
voids have been filled with water, the water can only
be squeezed into the crack, after which the pressure
continues to increase, and most of the pressure acts
on the inside of the fracture; thus, when the second-
ary stress damage is low, the shale overall experi-
ences penetration failure. During a continuously
increasing pore water pressure, when the pore water
pressure increases further, the water has no time to fill
all the round voids, and the pressure is already very
high. Cracks develop when the pressure is greater
than the tensile strength. Because all the pores are not
filled with water, only some of the pore water pres-
sure directly acts on the cracks, resulting in overall
penetration and destruction of the shale only when
the pressure is very high. For the difference between
large and small pore water pressure increases, accord-
ing to the data shown in Fig. 7a, 0.4 MPa/step is the

boundary, less than 0.4 MPa/step is a small pore
water pressure increase, and greater than or equal to
0.4 MPa/step is a larger pore water pressure increase.

4.2 Quantitative analysis of cracks

The fractal dimension of surface cracks after rock
fracturing can be used as a damage characteriza-
tion factor to measure the degree of material dam-
age and to describe its complexity quantitatively (Liu
et al. 2023b; Wang et al. 2022). Larger values indi-
cate more complex crack distributions, more irregu-
lar extension paths, or more difficult fragmentation.
The effects of hydraulic fracturing can be quantita-
tively evaluated in terms of fracture rates. Making
full use of the extent of fracture expansion is useful
for improving the relevance and effectiveness of frac-
turing design schemes. Improving the fracture extent
as much as possible to increase the recovery rate of
shale gas during extraction is of great theoretical and
practical significance for the hydraulic fracturing and
transformation of shale reservoirs.

S.—nr?
a

¢ ®

r=—2
Sp+zrra

where C, is the crack rate, in %; S, is the black pixel
area; r, is the radius of the circular hole; and S, is the
entire model area.
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Fig. 8 Image processing

Fig. 9 Three-dimensional
plot of fracture rate-stress
level in single-hole shale 24
under different hydraulic
pressure increments 22

0/p/O1VR p 2]

Taking the instability destruction at 0.2 MPa
in Fig. 10 as an example, the image is processed
by ImagelJ software, as shown in Fig. 8. The crack
morphology is obtained after image processing,
and the crack rate is calculated by Eq. (1), with one
pixel as 1 unit. To better analyze the rule of change
in the crack rate, the calculated results are plot-
ted in Fig. 9. In the figure, a stress level interval of
0-100% on the x-axis represents positive; the start
of pressurization is defined as 0%, the maximum
stress is defined as 100%, and the middle is divided
by an equal distance. The fracture rate tends to
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— N Crack ratio/%
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2.181
2.027
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1.257
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increase with increasing stress. A hydraulic pressure
increase of 0.45 MPa/step at a stress level of 100%
results in the largest fracture rate of 2.31% and the
best hydraulic fracturing effect. The figure shows
that the cracking rate curve reaches a maximum
at a stress level interval of 70-90% at a hydraulic
pressure increase of less than 0.4 MPa/step, but the
cracking rate appears to decrease with increasing
stress. This phenomenon can be explained well by
the stress damage in Sect. 4.1. Although the shale
shows the penetration of damage at a lower stress
value when the pore water pressure increases are
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Fig. 10 Evolution of elastic modulus and acoustic emission diagram of single pore shale under different pore water pressure incre-

ments

low, a lack of pressure leads to further densification
of the cracks under circumferential pressure. How-
ever, this phenomenon does not occur after the pore
water pressure increase exceeds 0.4 MPa/step, indi-
cating that a pore water pressure increase greater
than 0.4 MPa/step has a certain crack-supporting
effect and can maintain an open crack. In addition,
the cracking rate is already greater than 1% at a
stress level of 10% for a hydraulic pressure increase
of 0.4 MPa/step, but a decrease in the cracking rate
occurs when the stress level increases to 20%.

4.3 Fracture process of the shale microstructure

After hydraulic fracturing and numerical simulation
experiments on shale, according to the characteris-
tics of its destruction process, the whole destruc-
tion process is divided into three destruction stages,
namely, the fracture emergence, fracture expansion
and destabilization destruction stages, which are
plotted in Fig. 10. The figure shows that in the crack
initiation stage, cracks are generated in the verti-
cal direction, and the initial crack inclination angle
determines the direction of the cracks to a certain

extent. Based on the final distribution pattern of the
cracks, they are further classified into two catego-
ries: X-type and Y-type. The fracture patterns with
hydraulic pressure increases of 0.3 MPa/step and
0.45 MPa/step are X-shaped; the fracture patterns
with hydraulic pressure increments of 0.2 MPa/step,
0.25 MPa/step, 0.35 MPa/step, 0.4 MPa/step and 0.5
MPa/step are Y-shaped. Due to the random filling
of quartz in the shale matrix, the spatial distribu-
tion characteristics are significantly random, which
causes an uneven distribution of the stress field
inside the shale and produces a local stress concen-
tration, leading to the zigzagging expansion path
of the cracks. When subjected to external loading,
the shale matrix strength is much lower than that of
quartz, the shale matrix first sustains damage, or the
shale matrix and quartz junction form the weakest
part of the initial microcracks; additionally, cracks
form along the quartz particles on both sides of the
expansion, not directly through the quartz parti-
cles, so that the cracks intermittently form zig-zag
shapes. Once the cracks sprout, their expansion
competes when one of the cracks begins to expand
in depth. The crack direction of the pressure area
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Fig. 11 Hydraulic gradient of single-hole shale under different pore water pressure increments

increases because of the symmetrical direction of
the cracks, which provides the conditions for the
expanding cracks around the neighboring cracks to
gradually disappear, resulting in the formation of
a symmetrical diagonal "Y"-type crack expansion
pattern.

Figure 11 shows the hydraulic gradient under the
action of pore water pressure. The hydraulic gradi-
ent is the head loss per unit infiltration pathway along
the direction of water flow. It can be expressed as the
ratio of head loss along the infiltration pathway to the
length of the infiltration pathway:

i= A%‘ ©6)

where i is the hydraulic gradient, Ak is the head loss
along the infiltration direction, and ¢ is the infiltration
distance.

Since the seepage pressure inside shale is often
difficult to measure, the pore water pressure around
a borehole is usually used for calculations. Accord-
ing to Darcy’s law, the seepage pressure inside the
rock mass is considered to decay linearly with per-
meability distance, and the hydraulic gradient inside
the whole test section is a certain value. The figure
shows that for the red, green and blue closed loops
of the hydraulic gradient, the hydraulic gradient size
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decreases from the inside to the outside layer by layer,
and the water flows along the preferred path through
the microfracture. Once the fractures begin to multi-
ply and continue to expand, fluids first enter the new
fractures, facilitating their expansion and splitting as
the pore water pressure continues to increase. Since
shale contains brittle minerals such as quartz, which
randomly fills the shale matrix, the spatial distribu-
tion of these minerals is random. The brittle nature
of shale allows it to form natural and induced frac-
tures under external forces, with more dense parts
of the brittle minerals cracking first. Due to the cou-
pling effect of the stress field and seepage field, in the
early stage of loading, the confining pressure is much
greater than the pore water pressure, and the stress
field dominates. Moreover, the internal initiation of
microdamage dominates the shale, changing the seep-
age field in the specimen. With increasing pore water
pressure, the seepage field reacts to the stress field,
the shale sustains microdamage, the shale is subjected
to complex stresses internally, and damage accumu-
lates. At this time, the internal fracture development
in the shale is increasingly accelerated by the creation
of new cracks, and macroscopic fractures gradually
by contacting each other. Eventually, the fracture net-
work fully develops, and the shale is destabilized and
destroyed.
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4.4 Evolutionary characteristics of the acoustic
emission results of shale microstructures

Acoustic emission is a phenomenon in which a local-
ized region in a shale specimen generates a stress
concentration that rapidly releases energy and pro-
duces transient elastic waves (Liu et al. 2023c). In
the model, the microrupture of a cell represents an
acoustic emission event (Liu et al. 2021b). The cumu-
lative AE count is the sum of the cumulative acoustic
emission events, which indicates the sum of the num-
ber of microruptures in each event. Due to its non-
homogeneity and the complexity of the constituent
structure, the cell presents complex acoustic emission
characteristics during the deformation process due to
force. As shown in Fig. 12, the cumulative AE count-
ing—loading step is in good agreement with the cumu-
lative AE energy—loading step. During the loading
process, the acoustic emissions in each state exhibit
obvious differences.

The pore water pressure increases of 0.2 MPa, 0.25
MPa, 0.3 MPa, 0.35 MPa and 0.5 MPa are divided into
5 stages. The cumulative AE energy shows the fol-
lowing pattern: “flat—jump—growth—flat—surge—flat”.
In stage 1, the stress level is low, and the AE signal is
relatively weak. No acoustic emission or a low num-
ber of acoustic emission events and a very low event
rate occur. No obvious cracks are produced. In stage 2,
the cumulative acoustic emission events exhibit linear
growth, and a large number of fresh fine microfractures
are formed. In stage 3, the cumulative acoustic emis-
sion events exhibit a slight change, and the specimen
is not yet damaged. In the fourth stage, the cumula-
tive acoustic emission events surge, the acoustic emis-
sion phenomenon is still obvious after the peak inten-
sity, and the number of large events increases rapidly.
Continuous expansion of fine microcrack specimens,
communication between macroscopic cracks, and
rapid destruction of rock bridges between cracks are
observed. In stage 5, more acoustic emission events
are generated, the AE signal is stronger, and the stress
enters the drop stage. The fracture undergoes dramatic
extension and expansion until it penetrates, at which
point the shale has been completely destroyed.

When the pore water pressure increases by 0.4
MPa per step, the cumulative AE shows a “gen-
tle—surge—stable” pattern. In the first stage, the loading
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steps occur in the first 35 steps, no significant acoustic
emission signal appears, and the cumulative acous-
tic emission events show a flat change. In the sec-
ond stage, the loading steps show a surge in acoustic
emission events between 35 and 85 steps, the acoustic
emission signal produces a jump with an extremely
strong signal, and the stress is in the yielding stage. At
this point, microfractures in the shale specimen begin
to initiate, indicating that damage occurs in the speci-
men at this stage. In stage 3, the cumulative acoustic
emission event performance stabilizes after 85 loading
steps when the shale is completely destroyed.

When the pore water pressure increase is 0.45 MPa
per step, the cumulative AE performance follows the
“flat—jump growth—flat—surge—flat—surge—flat” pat-
tern. In phase 1, the initial shale compaction stage,
fewer acoustic emission events are produced, and
there is a more sporadic distribution within the shale,
with cumulative acoustic emission events showing
a flat variation. In the second stage, after 40 loading
steps, the number of acoustic emission event perfor-
mance events increases, and the acoustic emission
signal is relatively large. When the first damage is
reached, the acoustic emission releases an extremely
strong signal and generates more events. In stage 3,
the acoustic emission event performance tends to
stabilize, the acoustic emission phenomenon occurs
during a relatively calm period before the peak inten-
sity, and no obvious cracks are produced. In stage 4,
when the loading step reaches 75 steps, the acoustic
emission events appear to surge, and microscopic
fractures form inside the shale. As the pore water
pressure increases, the shale continues to extend and
expand, and fracture development becomes obvi-
ous. In stage 5, the loading steps are in the 75-108
step interval, the acoustic emission events recover
smoothly, and the shale is in the late stage of fracture
expansion. In the 6th stage, the loading is at 108 steps
when the acoustic emission events surge, and the sig-
nal released by acoustic emission is extremely strong
and generates more events. The microscopic fractures
within the shale are strongly connected until they
penetrate, and the shale is destabilized and destroyed.
In stage 7, after 108 loading steps, the cumulative
acoustic emission events exhibit a flat change, and the
specimen is completely destroyed.
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5 Conclusion

In this paper, the RFPA?P-Flow real fracture analy-
sis system is used to establish seven sets of numeri-
cal simulation experiments under the influence of
different pore water pressure increments to study the
mechanical properties of monoclinic shale under dif-
ferent pore water pressures and to determine the dam-
age pattern and quantitative analysis of the fracture
rate. The following conclusions are drawn:

(1) In shale, peripheral pressure and pore water pres-
sure are coupled after two damage events, shale
reaches the initial damage stress level, energy
is released, and stress drops. After reaching the
second damage stress level, that is, at the peak
stress, the crack network fully develops, the stress
decreases sharply, and shale instability occurs.

(2) The hydraulic gradient of single-hole shale
under hydraulic fracturing in different intervals is
distributed in closed-loop strips, and the hydrau-
lic gradient decreases layer by layer from the
inside to the outside. The seepage field and stress
field interact with each other, and the pore water
pressure and stress are coupled with each other,
resulting in increasingly complete fracture devel-
opment.

(3) The random distribution of quartz minerals
in shale affects the distribution of mechanical
parameters in shale specimens, causing asym-
metry of crack extension. The rupture process
reveals that the shale model mainly undergoes
three stages: initial crack initiation, crack expan-
sion and destabilization. The final damage mode
is divided into “Y”” and “X”.

(4) The evolution of the acoustic emission signal
distribution is characterized by three types. In the
first category (0.2 MPa, 0.25 MPa, 0.3 MPa, 0.35
MPa, and 0.5 MPa), the cumulative AE shows
the pattern of “flat—jump—flat—surge—flat”, in the
second category (0.4 MPa), the cumulative AE
shows the pattern of “flat—surge—stable”, and in
the third category (0.45 MPa), the cumulative
AE shows the pattern of “flat—jump—flat—surge—
stable”. For the second category (0.4 MPa), the
cumulative AE shows a “flat—jump—flat—surge—
steady” pattern, and for the third category (0.45
MPa), the cumulative AE shows a “flat—jump—
flat—surge—flat” pattern. In the third category

(0.45 MPa), the cumulative AE shows a pattern
of "flat—jump growth", and in the third category
(0.45 MPa), the cumulative AE shows a pattern
of "flat—jump growth".
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