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ABSTRACT: The fracture distribution and internal control
factors after the fracturing of unconventional oil and gas reservoirs
determine the reservoir reforming effect to a large extent. Based on
the research of global scholars on the influencing factors of fracture
propagation, comprehensive theoretical model, and numerical
simulation, this Review systematically discusses the influence of
internal geological factors and external engineering factors of
unconventional oil and gas reservoir on fracture propagation
behavior and summarizes the current problems and development
trends in fracture research. The results show the following: (1)
The fracture propagation is a comprehensive process constrained
by lithology and mineral composition, water saturation, non-
homogeneity, natural weak surface, and ground stress. (2) External
engineering factors have a meaningful control effect on fracture propagation; the type and temperature of fracturing fluids can also
change the mechanical properties of different rocks, thus affecting the fracture propagation pattern. (3) The existing fracture
propagation models have certain limitations, and their computational reliability still needs to be further verified. (4) Numerical
simulation can break through the limitations of physical simulation, but different simulation methods have different shortcomings
and applicability. In the future, we should focus on: (1) finding parameters to quantitatively characterize heterogeneity at the 3D
level, which is an important direction to study the effect of heterogeneity on fracture propagation; (2) introducing computerized
methods to establish a geological model that considers multiple factors and combining it with numerical simulation software to study
fracture propagation; (3) considering the characteristics of fluid−liquid−solid phase comprehensively, establishing a suitable THL
coupling equation; (4) how the interaction mode of fracturing fracture is combined with the natural fracture geometry, and how the
fracture is affected by fracturing engineering parameters such as fluid injection rate and viscosity of fracturing fluid; and (5) geology-
engineering dynamic integration, which is an important direction to be carried out in the future.

1. INTRODUCTION
With the further development of unconventional oil and gas
resources, the demand for fracturing is gradually increasing.1−3

Since 1947, when fracturing technology was first applied to oil
and gas development, its favorable production effect has been
widely studied.4,5 There are many types of unconventional
reservoirs, such as shale, coal, sandstone, etc., with different
lithology, mineral composition, and heterogeneity; these
factors will lead to irregular and distorted fracture propagation
along the path, which will increase the risk of sand plugging.6−8

The influence of water saturation on rock mechanical
properties is mostly focused on the study of rock compressive
(tensile) strength, shear, and creep properties, and the stress
change caused by water content will also affect the expansion
of fracturing fractures.2,9,10 Natural fractures have dual
functions of trapping and blocking fracture, which greatly
increases the complexity of fracture propagation.11,12 In situ
reservoir pressure, reservoir thickness, and interlayer interfaces
will control the length, height, width, and morphology of the
fractures.13,14 There is a lack of relevant research and

systematic discussion on the quantitative evaluation of the
influence of various geological factors on fracture propagation,
indicating a need for further investigation.

Traditional hydraulic fracturing techniques use water-based
fracturing fluids, which are widely applied due to their excellent
ability to create fractures and sand carry proppants.15,16

However, they have drawbacks such as incomplete backflow,
large underground retention volume, groundwater contami-
nation, high water consumption, and severe damage to
formation.17,18 Therefore, many new types of waterless
fracturing technologies have emerged, among which CO2
fracturing is more environmentally friendly, as it can save
water resources, increase production, and achieve carbon
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sequestration.19−22 Furthermore, different types of fracturing
fluids have different physical properties, and there is relatively
little research on their influence on fracture propagation.
Previous studies have focused more on the mechanical
parameters of rocks under high temperature and high pressure,
and rarely consider their impact on rock fracturing behavior
and fracturing fluid physical properties.23,24

Numerical simulation is an important tool for studying
fracture propagation.25−27 With the development of oil and gas
exploitation, researchers have established typical models such
as KGD and PKN to simulate fracture propagation. However,
fracture propagation is a nonlinear and multifactor coupled
boundary movement problem. Therefore, a series of numerical
simulation methods for fracture propagation have emerged,
including the finite element method (FEM), extended finite
element method (XFEM), boundary element method (BEM),
discrete element method (DEM), and finite-discrete combi-
nation method (FDEM).28−31 Numerical simulation has been
widely used to study geological and engineering factors such as
in situ stress, proppant content, fracturing fluid viscosity, and
flow rate. However, these studies have certain limitations, such
as limited research in nonuniform stress fields, hydraulic
fracture propagation laws, and fracture morphology.

Therefore, based on previous research achievements, this
Review systematically analyzes the influence of geological and
engineering factors on fracture propagation behavior. It
provides a systematic review of the basic models and numerical
simulation of fractures in unconventional reservoirs. This
Review also proposes future research priorities and develop-
ment directions, aiming to provide references for improving
the level of fracturing technology.

2. THE INFLUENCE OF GEOLOGICAL FACTORS ON
FRACTURE PROPAGATION
2.1. Lithology and Mineral Composition. The essence

of formation rock fracturing is the deformation of rocks when
their strength is lower than the circumferential stress they
experience.32 As the foundation of reservoir modification,
different lithology has different mineral compositions, leading
to different responses in the initiation and propagation of
fractures.33,34 For instance, softer rocks are more prone to
forming wide fractures, while harder rocks are likely to form
confined fractures.32,35,36 Hou et al. conducted hydraulic
fracturing on shale, limestone, and tight sandstone (Figure 1).
The study showed that shale had the highest number of
fractures and the most complex fracture propagation, forming a
network of fractures with a large surface area. Although no
fracture network was formed in limestone, the volume of the
reservoir after the modification was significant. However, tight
sandstone exhibited low levels of fracturing with few fractures,
the simplest propagation pattern, and unsatisfactory mod-
ification effects (Table 1).37

The compressibility of reservoirs can be characterized by
rock mechanical parameters, including Young’s modulus,
Poisson’s ratio, tensile strength, fracture toughness, hardness,
and brittleness index. Compressibility evaluation is primarily
applied to shale reservoirs, with fewer applications in other
unconventional reservoirs.38−41 These rock mechanical param-
eters typically have a substantial influence on fracture
propagation, with the brittleness index being the most
important. It can determine the morphology and connectivity
of fracture networks and is an important factor in fracture
generation, network morphology, and the effectiveness of

fracturing in heterogeneous reservoirs.42,43 Currently, there are
many methods for quantitatively characterizing the brittleness
index (Table 2), with BI20 and BI21 being the mainstream
approaches. Evaluating brittleness based on rock mineral
content is widely recognized as a reliable method.44 Chen et al.
categorized fracture patterns into simple shear fractures, simple
fractures, X-shear fractures, and network fractures. Their
research found that rocks with high brittleness mineral content
are more likely to form X-shear and network fracture patterns,
while rocks with low brittleness mineral content are more
prone to form simple shear fracture patterns.36 Young’s
modulus and Poisson’s ratio have a significant impact on the
fracture width and total fracture area, showing a positive
correlation with the fracture height.36,45−47 The mineral type
influences the magnitudes of Young’s modulus and Poisson’s
ratio. The correlation between Poisson’s ratio and quartz and
pyrite is the strongest. Pyrite and quartz have a higher Young’s
modulus and a lower Poisson’s ratio, indicating good
compressibility. Otherwise, clay, calcite, and dolomite have a
lower Young’s modulus and a higher Poisson’s ratio, indicating
poorer brittleness.48,49 Fracture toughness and tensile strength
can reflect the sensitivity of rocks to fracturing. Additionally,
there is a linear correlation between rock tensile strength and
fracture toughness. In the fracturing process, a higher fracture
toughness indicates a greater likelihood of plastic deformation,
resulting in higher initiation and propagation pres-
sures.40,41,50−53 Therefore, comprehensive analysis and evalua-
tion of the lithological characteristics of the rock during
fracturing can help optimize fracturing design and predict
fracture propagation behavior, effectively improving produc-
tion capacity and economic benefits.
2.2. Water Saturation of Rock. Previous researchers

divided the stress−strain curve of rocks into five stages: stage I,
crack closure; stage II, linear elastic deformation; stage III,
stable crack propagation; stage IV, unstable crack propagation;
and stage V, post-peak failure. They defined the stress points at
the boundaries of each stage as follows: crack closure stress σcc,

Figure 1. Actual fracture morphology and acoustic emission location
map of fracturing with different lithology ((a,b,d,e,g,h,j,k) are the
experimental result graphs, and (c,f,i,l) is the setting-out plan).
Reprinted with permission from ref 36. Copyright 2021 Elsevier B.V.
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Table 1. Contrast of the Main Control Factors of Fracture Type36

network fracture simple fracture simple shear fracture X-shear fracture

brittle mineral
(%)

>45% 35−45% <35% >45%

brittleness index >0.42 >0.4 <0.32 >0.42
fracture pressure
(MPa)

<65 <70 >70 <65

porosity (%) >2.0% 1.5−2.0% <1.0% >2.0%
Young modulus
(GPa)

<35 <35 >50 <30

principal stress
difference
(MPa)

<40 <40 >50 <35

interlayer
modulus (GPa)

<3 <3 >3 <3

fracture network more complicated complicated not complicated more complicated
sample shale or sandstone−

mudstone interbedded
rock

tight sandstone or sandstone−mudstone interbedded
rock with parallel bedding under axial compression

limestone or sandstone−
mudstone− limestone
interbedded rock

weakly consolidated
sandstone or coal

fracture
treatment

best better poor best

Table 2. Summary of Current BI Definitions54,55

formula method and basis method description or variable description

BI1 = εII × 100% based on loading and unloading tests εII is the irrecoverable axial strain56

=BI
H H

K2 based on hardness experiments H is microhardness, Hμ is microhardness, and K is permeability57

BI3 = qσc based on debris content q is the percentage of debris with a particle size less than 0.60 mm, and σc is
tensile strength58

BI4 = S20 S20 is the percentage of debris with a particle size less than 11.2 mm59

BI11 = HE/KIC
2 based on hardness experiments H is hardness, E is Young’s modulus (MPa), and KIC is breaking tenacity

(MPa m1/2)59

BI5 = H/KIC based on hardness experiments H is hardness, and KIC is breaking tenacity (MPa m1/2)60

BI6 = εr/εt based on loading and unloading tests εr is recoverable strain, and εt is total strain60

BI7 = σC/σT based on strength characteristics σC is uniaxial compressive strength, and σT is tensile strength60

BI8 = sin φ based on internal friction angle φ is the angle of internal friction corresponding to 0 on the Mohr’s envelope60

BI9 = 45 + φ/2 φ is the angle of internal friction between the damage surface and the surface of
maximum principal stress action60

BI10 = (τp − τr)/τp based on full stress−strain curve the functional relationship between peak stress intensity and residual stress
intensity61

= × +BI 1.8748 Ø 0.967912
based on logging data and laboratory
measurements Ø is porosity51,62

=BI
F

P13
max based on penetration tests ratio of load Fmax to penetration depth P63

= +
BI

E
214

n n based on full stress−strain curve Young’s modulus and Poisson’s ratio normalized to the mean value64

=BI E
15

=BI E
16 ρ is density65,66

=BI
M E

M17 E is unloading elastic modulus, and M is postpeak elastic modulus67

=BI E
M18 Μ is constant67−69

=
+

BI E
219

=BI
E

20

=
+ +

BI
Q

Q C Cl21 based on logging data or XRD Q is quartz, C is carbonate mineral, and Cl is clay44

= +
+ + + +

BI
Q Dol

Q Dol Lm Cl TOC22 Dol is dolomite, Lm is limestone, and TOC is total organic matter70
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initiation pressure σci, damage pressure σcd, and ultimate
compressive strength σucs.

71−74 Zhao et al. conducted a study
on stress−strain curves and acoustic emission characteristics
under different water saturation levels, indicating that water
saturation primarily influences stages III, IV, and V, while its
impact on the first two stages is relatively minor. This is
attributed to the inhibitory effects of pore water pressure
within microfracture and the Stefan effect on microcrack
propagation.35 The impact of water saturation on fracturing
crack propagation is manifested as follows:

(1) An increase in water saturation alters the mechanical
properties within the rock (Table 3). The presence of water
molecules forms a lubricating layer around the fracture,
reducing friction between rock particles, which leads to
reduced cohesive forces within the rock, making fracture
propagate more easily. Additionally, the presence of water
increases the pore water pressure in the rock, making it more
prone to fracturing and deformation. Typically, mechanical
properties and rock strength exhibit exponential or power-law
relationships with water saturation.10,75 (2) At low water
saturation levels, rocks tend to exhibit brittle and shear failure
after peak strength. As water saturation increases, plastic failure
becomes predominant. For rocks with high clay content, a
reduction in moisture content can lead to increased stiffness
and strength.9 (3) Generally, the elastic modulus degrades with
increasing moisture content, and Poisson’s ratio increases. This
is because water typically hinders stress within the rock,
resulting in reduced overall stiffness and deformation capacity.
However, some studies have shown that dry samples may
exhibit more pronounced pore crack shrinkage, so Young’s
modulus of wet samples may be higher than that of dry
samples during the initial compression stage.75−77 (4)
Sedimentary rocks are more sensitive to water as compared
to igneous and metamorphic rocks. Previous research has
indicated that water saturation has a smaller impact on the
compressive and tensile strength of granite, with minimal
effects on elastic modulus and Poisson’s ratio. However,
saturated conditions may reduce rock fracturing pressure,
attributed to a decrease in Type I fracture toughness and the
influence of water pressure within microcracks, which
promotes fracture initiation.78,79 (5) Increasing water satu-
ration can enhance rock permeability, facilitating the trans-
mission and expansion of fracturing fluid within the rock,
promoting the fracture propagation. However, excessively
high-water saturation in rock zones can increase fluid
resistance, limiting fracture expansion.79−81

In summary, water saturation has a complex impact on
fracture propagation, capable of altering the fracture
propagation rate and mode. This effect is dependent on

various factors, including rock type, water saturation level, and
operational conditions. Therefore, in related engineering and
research endeavors, it is essential to thoroughly consider the
influence of water saturation on rock behavior.
2.3. Rock Heterogeneity. Heterogeneity within rocks is a

widely existing characteristic, manifested by various physical,
chemical, and structural features within the rock. Different
shapes, strengths, and distributions of blocks within reservoirs
can result in strong heterogeneity.89,90 However, due to the
difficulty of studying heterogeneity and its impact on fracture
propagation in laboratory settings, numerical simulations are
often relied upon.7,47

Heterogeneity significantly affects stress distribution around
fractures, leading to the deflection of artificial fracture paths. As
the fracture propagates from a soft rock layer to a hard rock
layer, the fracture undergoes obvious deflection. In contrast,
when the fracture propagates from a hard rock layer to a soft
rock layer, the deflection is less obvious. This indicates that the
presence of hard blocks changes the path of fracture
propagation and increases the complexity of fracture
expansion. Additionally, the local distribution of hard or
irregular blocks within a reservoir can cause the fracture to
bend, altering its shape. This promotes fracture expansion in
length but limits it in width.14,26 The heterogeneous
distribution of particles also affects the expansion of fractures.
Huang et al. divided the interaction between fractures and
particles into six types (Figure 2) and compared the expansion

Table 3. Summary of Relationships between Water Saturation and Rock Mechanics Parameters

rock type experimental method variation of rock mechanical parameters

coal uniaxial compression test the uniaxial compressive strength and elastic modulus of rock decrease with the increase of water saturation82

argillaceous
sandstone

uniaxial compression test,
Brazil test

uniaxial compressive strength, elastic modulus, and tensile strength decrease with the increase of water
saturation83

sandstone uniaxial compression test water saturation decreases, while rock stiffness and strength increase84,85

coal uniaxial compression test σci/σucs and σcd/σucs decrease with the increase of water content86

coal uniaxial compression test the elastic modulus increases significantly with the decrease of water saturation87

sandstone uniaxial compression test the peak stress, elastic modulus, and brittleness index decreased with the increase of water saturation9

sandstone triaxial compression test the elastic modulus, peak strength, and residual strength decrease with the increase of water saturation88

red sandstone uniaxial compression test σcd/σucs increases in the low water content state compared to the saturated state35

granite triaxial compression test tensile strength and compressive strength decrease with the increase of water saturation, while elastic modulus
and Poisson’s ratio have little change79

Figure 2. Schematic diagram of typical types of HF/G interaction: (a)
penetration, (b) termination, (c) embedment, (d) deflection, (e)
bifurcation, and (f) attraction. Reprinted with permission from ref 92.
Copyright 2023 Elsevier B.V.
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characteristics of fractures in homogeneous and heterogeneous
rocks with different particle sizes (Figure 3). The results
showed that the effective toughness of rocks with heteroge-
neous particle distribution was 30% higher than that of
homogeneous rock samples. Increasing the particle size
increased the resistance to fracture propagation. Additionally,
there was a positive correlation between the particle size and
fractal dimension of rocks and their tensile strength and
fracture toughness. Therefore, fractal dimension can be used as
a quantitative descriptor of the heterogeneity of microscopic
particle distribution within rock.91−93 The elastic modulus of
low-ductility minerals has a critical influence on the
connectivity of fractures. The larger is the Young’s modulus
in a region, the easier it is for the fracture to propagate.
Therefore, the heterogeneity of mineral composition affects the
geometric shape, expansion direction, and distance of
fractures.94−97 Previous studies on heterogeneity did not
consider the various propagation modes of fractures, such as
toughness-dominated (TDR) and viscosity-dominated (VDR)
modes. This is an important direction for future research on
the impact of heterogeneity on fracture propagation. Due to
the complexity of reservoir heterogeneity and fracture
propagation, production forecasting has become more
uncertain. Therefore, it is critical to consider the distortion
of fracture paths, the diversity of fracture shapes, and the
nonuniformity of fracture expansion rates. Advanced numerical
simulation and monitoring techniques are needed for a more
accurate analysis of fracture propagation, to maximize reservoir
fracturing efficiency and productivity.
2.4. Natural Fracture Distribution. Various types of

fractures naturally form in the formation, including open,
closed noncemented, and closed cemented fractures. The
interaction between artificial fractures and natural fractures can
be simply summarized as crossing, opening, and expanding
(Figure 4); these fractures provide pathways for the storage
and transportation of petroleum. It is generally believed that
artificial fractures intersecting with natural fractures either can
pass through the natural fractures or are blocked by the
expansion or shear displacement of the natural fractures. The

main behavior of fracture expansion is either creating a grid or
passing through the grid. However, Wan et al. argue that
conventional 2D intersection criteria cannot fully describe the
geometry of hydraulic fractures. By studying the relationship
between different-sized natural fractures and 3D hydraulic
fractures (Figure 5), they classified the modes of fracture

propagation as arresting, bypassing, diversion, vertical exten-
sion, vertical extension, and then diversion.98 Open fractures
are generally more prone to hydraulic pressure expansion,
while closed cemented fractures may present greater
challenges. Researchers have also classified natural fractures
into active and nonactive categories. Microseismic monitoring
has indicated that nonactive natural fractures have no influence
on the geometry of artificial fractures, while active natural
fractures can alter the local stress direction by perturbing the
stress field, thereby affecting the geometry of artificial
fractures.99

The distribution of natural fracture systems plays a dual role
in capturing and impeding the expansion of artificial fractures,
which can limit the length of artificial fractures and exacerbate
their nonuniform propagation. The presence of natural
fractures increases the complexity of hydraulic fractures. (1)
Due to the directional guidance effect of natural fractures on
fracturing fluid and their interconnectivity, when the natural
fracture density is low, a single dominant fracture with a larger
length is mainly formed, resulting in a less complex fracture
network. However, as the density of natural fractures increases,
the length of artificial fractures decreases, and the complexity
of the fracture network significantly increases, which is
beneficial for enhancing reservoir stimulation.31,34,100−102 (2)
The dip angle of natural fractures influences the ability of
artificial fractures to either intersect or bypass them. The angle
between natural fractures and the direction of hydraulic
fracture propagation is referred to as the approach angle, which

Figure 3. Comparison of fracture growth with different effective toughness and different particle size: (a) with different effective toughness and (b)
with different particle size. Reprinted with permission from ref 92. Copyright 2023 Elsevier B.V.

Figure 4. Intersection criterion between 2D fracture: (a) crossing, (b)
opening, and (c) expanding. Reprinted with permission from ref 112.
Copyright 2015 Elsevier B.V.

Figure 5. 3D fracture intersection criteria: (a) arresting, (b)
bypassing, (c) diversion, (d) vertical extension, and (e) vertical
extension and then diversion. Reprinted with permission from ref 98.
Copyright 2018 Elsevier B.V.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08547
ACS Omega 2024, 9, 117−136

121

https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


affects their intersection relationship. Artificial fractures can
pass through natural fractures only when the approach angle is
close to 60° or when there is a high horizontal differential
stress. In cases of low horizontal differential stress or low
approach angle, existing fractures may be reopened.
Furthermore, artificial fractures can be blocked by the shear
displacement of natural fractures only in cases of high
differential stress and approach angles of 30−60°.103−105

Zheng et al. divided the area into three regions based on the
approach angle and stress differential (Figure 6). In the

expansion region, hydraulic fractures are easily intercepted by
natural fractures, resulting in branching and extension along
natural fractures. In the middle region, upper branches of
natural fractures are reactivated, and artificial fractures
propagate along natural fractures. In the intersection region,
natural fractures are not reactivated.106 (3) The cementation
degree of natural fractures determines whether hydraulic
fractures can cross them. A smaller cementation thickness
makes it easier for artificial fractures to penetrate cemented
natural fractures, resulting in longer artificial fractures and less
complex fracture networks. As the cementation thickness
increases, the rock−fracture interface weakens, making it more
likely for artificial fractures to divert into cemented natural
fractures. This results in shorter hydraulic fractures and more
complex fracture networks.104,107−109 (4) The fractal dimen-
sion of natural fractures is a crucial parameter for character-
izing the distribution of fractures. As the fractal dimension
increases, the number of natural fractures opened and
connected by artificial fractures increases. Simultaneously, the
maximum width of fractures decreases, and the number of
fracture propagation directions increases, ultimately leading to
the formation of a complex network of fractures.110 Due to
these factors, the detection of natural fractures becomes
particularly important, and various methods for detecting
fractures at different scales have been summarized111 (Figure
7).

In conclusion, the impact of natural fractures on artificial
fracture propagation is a complex and multifaceted issue that
requires comprehensive consideration of fracture types,
densities, orientations, cementation degrees, etc. In depth
understanding and acquisition of actual data are crucial for
studying fracturing strategies.
2.5. Formation Thickness and Interlayer Interface.

Due to the influence of depositional processes, unconventional
oil and gas reservoirs often exhibit multiple layers with
different mechanical properties, and these interfaces are

different from interbedded lithological interfaces, typically
possessing higher cohesive strength (Zou et al., 2020). When
an artificial fracture encounters a horizontal or inclined
formation interface, the fracture may stall and propagate
along the interface, leading to an increase in fracture length.
Conversely, if the formation interface is perpendicular to the
propagation direction of the artificial fracture, the height of the
fracture may be constrained by the interface. The three main
interaction modes between artificial fractures and bedding
planes are similar to the intersecting criteria of 2D fractures
(Figure 8): (1) fractures crossing the plane; (2) fractures

slipping and crossing afterward; and (3) fractures being
trapped by the bedding plane. Subsequently, researchers have
further enriched this understanding (Figure 9).13,14,114,115

There exists a competitive relationship between rock
strength and interbedded interface strength. When the
interbedded interfaces are weakly cemented and have lower
strength than the rock’s fracture strength, the fracture pressure
is relatively low. Conversely, when the interbedded interfaces
are well-cemented and have higher strength than the rock’s
fracture strength, the fracture pressure is relatively high.32,116

An increase in interface strength can result in an increase in
fracture height (Figure 10) and a decrease in fracture width.
Additionally, formation interfaces may influence the con-
nectivity between multiple fractures, with connections to other
fractures increasing the effective permeability of the reservoir.
The geometric shape of the interface is also important, as

Figure 6. Natural fracture and stress difference and approach angle.
Reprinted with permission from ref 113. Copyright 2020 Elsevier B.V.

Figure 7. Different scale crack identification.

Figure 8. Interaction modes of three types of fractures with bedding
planes: (a) fractures crossing the plane; (b) fractures slipping and
crossing afterward; and (c) fractures being trapped by the bedding
plane. Reprinted with permission from ref 114. Copyright 2017
Elsevier B.V.
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interfaces of different shapes can have varying effects on the
expansion path and propagation velocity of the fractures.

The key characteristic that differentiates shale reservoirs
from other oil and gas reservoirs is the presence of weak
bedding planes. The stiffness of bedding planes is typically
measured using the ultrasonic method and the digital image
correlation (DIC) method.117,118 (1) The smaller is the
stiffness of bedding planes, the greater is the shear slip
displacement along the bedding planes. (2) With an increase in
bedding plane density, the main fractures become connected to
more bedding planes. However, excessive connectivity to
bedding planes severely limits the extension of fractures in
terms of length and height. (3) An increase in bedding plane
strength corresponds to an increased difficulty in opening
bedding planes and an increased possibility of artificial
fractures propagating through the bedding planes.119 (4)
When there are numerous weak bedding planes, where the
tensile strength of the bedding planes is lower than that of the
matrix, a network of fractures may form. When the tensile
strength of the bedding planes is lower than that of the matrix,
the fractures propagate along the bedding planes. When they
are comparable, the fractures do not fracture along the bedding
planes.37 (5) The permeability of the bedding planes influences
the fracture propagation pattern. When the permeability of the
bedding planes increases, fractures may be arrested and stop

propagating. (6) Fracture termination is more likely to occur at
weak bedding contacts and shallow burial depths. Fracture
propagation through interfaces is possible when the interfaces
are stronger and the burial depths are deeper.108

The influence of formation thickness on the propagation of
fracturing fractures can be seen in the following aspects: (1)
The thickness of the formation directly determines the
distance over which fractures can propagate vertically and
the shape of the fractures. In thinner formations, fractures are
more easily propagated along simple paths due to less
constraint, while in thicker formations, the propagation pattern
of fractures becomes more complex. (2) The thickness of the
formation also affects the distribution of pressure. In thinner
formations, pressure may more easily establish within the
fractures, thus promoting their propagation. In thicker
formations, pressure may be more evenly distributed, requiring
higher pressure to drive fracture propagation. (3) The
thickness of the formation is often accompanied by changes
in rock properties. The fracture toughness of the reservoir and
interbeds reflects the ability of the rocks to resist instability and
expansion. The fracture toughness of interbeds can restrict the
growth of fracture penetration height. The length and width of
fractures are positively correlated with the fracture toughness
of the reservoir and interbeds. If the fracture toughness of the
interbeds is sufficient, it can act as a barrier to prevent fractures
from propagating in the vertical direction.110 Developed
natural weak structures such as bedding planes and joint
planes are prerequisites for unconventional oil and gas
reservoir volume enhancement. Especially in multilithology
formations, the characteristics of interlayer weak planes vary
greatly, leading to complex fracture morphologies after
fracturing.120−122 In practical engineering, detailed geological
and engineering analysis must be conducted to understand the
nature, location, geometric shape, and thickness of the
formation interfaces, to better understand the propagation
behavior of the artificial fractures.
2.6. Stress State. The impact of stress conditions on the

expansion of fracturing fractures can mainly be discussed from
three aspects: pore pressure, stress difference, and confining
pressure. The existence of pore pressure can increase the
permeability of reservoir or rocks, helping to drive the
fracturing fluid into the deep rock. However, in some cases,
a high pore pressure may cause compaction of the formation,
inhibiting the expansion of fractures. Pore pressure can help
maintain the stability of the fracturing fractures, counteracting
some of the liquid pressure, thereby reducing the stress on the
fracture walls and preventing fracture closure and collapse.
Pore pressure is usually related to the pore structure and
porosity in the reservoir, with higher porosity often leading to
higher pore pressure, which can promote fracture expansion.
However, when using a water-based medium as the fracturing
fluid, it is difficult to effectively penetrate into the pores at a
certain depth. Therefore, the fluid cannot form a high-pore
pressure zone, which is the reason why the traditional
hydraulic fracturing criteria neglect the influence of pore
pressure. However, SC-CO2 has extremely low viscosity and
surface tension, and its penetration is very strong. The effect of
pore pressure on fracturing pressure cannot be ignored.77

In the vertical expansion of fractures, the geometric shape
and complexity of the fractures increase as the vertical stress
difference decreases. With an increase in vertical stress, the
formation interface undergoes compaction, resulting in a
significant increase in resistance to fracture propagation along

Figure 9. Interaction modes between fracture and interface: (a)
termination, (b) unidirectional, (c) bidirectional offset, (d)
penetration, (e) bifurcation, and (f) post-turn penetration. Reprinted
with permission from ref 123. Copyright 2023 Elsevier B.V.

Figure 10. Fracture height under different perforating positions and
maximum fracture penetration height when shale and sandstone are
perforated simultaneously. Reprinted with permission from ref 123.
Copyright 2023 Elsevier B.V.
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the formation interface. This leads to an increase in initiation
pressure and difficulty in fracturing along the formation
interface. A smaller stress difference will result in a network of
branching fractures, while a larger stress difference will form
relatively simple fracture patterns (Figure 11). An increase in

vertical stress difference leads to an increase in the total height
of the fractures (Figure 12).34,63,113,123 However, if it is the
stress difference between the reservoir and adjacent layers, the
height of the fractures is negatively correlated with it; that is,
the greater is the stress difference, the smaller is the fracture
height. As the stress difference decreases, the closure pressure
inhibiting fracture propagation decreases, resulting in an
increase in net proppant pressure acting on the fracture
walls, leading to an accelerated growth in fracture height.
However, if the stress difference between the reservoir and
adjacent layers is too large, the growth of fracture height will be
controlled, and the energy of the fluid will be transmitted along
the length and width of the fractures. When the horizontal
stress difference is weak, fractures initiate along the weak
planes around the simulated borehole and change direction
toward natural fractures and bedding planes, without obvious
transverse fractures. With an increase in horizontal stress
difference, transverse fractures can be clearly observed, and the
results of hydraulic fracturing and SC-CO2 fracturing are more
consistent (Figure 13).48,123 The coefficient Kh is commonly
used to characterize the stress difference in terms of the in situ
stress.

= ×K 100%h
H h

h (1)

where σH is the maximum horizontal principal stress, and σh is
the minimum horizontal principal stress.

Research has shown that both heterogeneous and homoge-
neous rock models exhibit a watershed in the fractal
characteristics of fracture networks when the stress ratio σH/
σh is 1.5. At a stress ratio of 1.5, the fractal dimension reaches
its maximum value. When the stress ratio exceeds 1.5 and
reaches 1.7, the fractal dimension rapidly decreases with
increasing stress ratio, indicating a decrease in the development
and complexity of the fracture network. A stress ratio of 1.7
may be the threshold at which a network composed of multiple
fractures transitions to single-wing or double-wing fractures,
suggesting that a larger stress difference leads to a smaller
fractal dimension of the fracture network, making the
occurrence of a single fracture more likely.124

The effect of confining pressure on fracture propagation is
primarily characterized by a transition from longitudinal tensile
failure to shear failure as the confining pressure increases.
Confining pressure also hinders the initiation of fractures, with
higher confining pressures requiring greater pressure to initiate
fractures in the rock (Figure 14).125

In conclusion, factors such as pore pressure, stress difference,
and confining pressure play a significant role in the fracturing
process, affecting the pore structure of the rock, distribution of
underground stress, fracture size, fracture stability, initiation
pressure, and fracture propagation direction. These factors
need to be carefully considered and managed during the
hydraulic fracturing process.

3. ENGINEERING PARAMETER
3.1. Fracturing Fluid Type. Different fracturing fluids

have distinct physical characteristics (Table 4). Water-based
fracturing fluids play a crucial role in hydraulic fracturing.
However, due to their significant water consumption, potential
environmental impacts, and relatively poor fracturing perform-
ance, it has prompted the emergence and development of
waterless fracturing techniques.126,127 Variations in the
composition and state of the fracturing fluid can lead to
changes in the fracture path and initiation pressure. The type
of fracturing fluid affects the initiation pressure, and when
using SC-CO2, the initiation pressure is 15% lower as
compared to L-CO2 and nearly 50% lower than that required
for hydraulic fracturing (Figure 15).77 Additionally, perme-
ability serves as a direct indicator of reservoir enhancement.
Therefore, the changes in permeability for hydraulic fracturing
and SC-CO2 fracturing have been summarized in Table 5. As

Figure 11. Fracture networks generated by different vertical stress
differences: (c) σc and σa of 20 × 20, (d) 20 × 15, (e) 20 × 10, and
(f) 10 × 20 MPa. Reprinted with permission from ref 63. Copyright
2021 ACS Publications.

Figure 12. Results under different vertical stress difference: (a) S = 0 MPa, (b) S = 2 MPa, (c) S = 4 MPa, (d) S = 6 MPa, (e) S = 8 MPa, and (f) S
= 10 MPa. Reprinted with permission from ref 123. Copyright 2023 Elsevier B.V.
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the viscosity of the fracturing fluid increases, the difficulty of
crack propagation increases, resulting in an increase in fracture
pressure and internal fracture aperture.128 This leads to a
decrease in fracture length but an increase in fracture width at
the fracture mouth (Figure 16). Additionally, it is considered
that the impact of fracturing fluid viscosity on hydraulic
fracturing trajectory and fracture pressure can be neglected.129

High viscosity fluids can prevent filtration, and reduce the
likelihood of shale shear sliding and hydration expansion,
thereby reducing fracture complexity. They also facilitate the
vertical propagation of hydraulic fractures and allow them to
cross multiple bedding planes.113 However, low viscosity fluids
experience less pressure drop along the bedding planes, have
lower proppant-carrying capacity, and result in larger filtrate

volume. This makes it easier to reach the initiation pressure at
the end of the bedding planes, leading to the generation of
complex and narrow fractures.37 In comparison between L-
CO2 and water-based fracturing fluids (Figure 17), it is
observed that after fracturing with L-CO2, fractures tend to
deviate and secondary branching fractures occur in the
expansion direction. The degree of fracture bending is greater
than in hydraulic fracturing, and the morphology of fractures
tends to have a three-dimensional spatial distribution. The
surface roughness of fractures is also greater.130 The chemical
composition of fracturing fluids can affect the dissolution and
corrosion properties of rocks. Unlike water-based fracturing
fluids, under high pressure, CO2 can extract hydrocarbons from
tight oil reservoir rocks, dissolve the rock matrix and minerals,

Figure 13. CT scanning images of shale specimens fractured under different horizontal stress differences with SC-CO2 used as the fracturing
medium: (6#) 0 MPa, (7#) 1 MPa, (3#) 2 MPa, (8#) 3 MPa, and (9#) 4 MPa. Reprinted with permission from ref 77. Copyright 2017 Elsevier
B.V.

Figure 14. Fracture modes and stress−strain curves of artificial tight sandstone under different confining pressures: (a) fracture modes and (b)
stress−strain curves. Reprinted with permission from ref 125. Copyright 2021 Elsevier B.V.

Table 4. Applicable Conditions and Limitations of Different Types of Fracturing Fluids127

type application effects limitations

water-based low cost, suitable for large-scale use, and generating simple fractures134 large water consumption and the generation of a significant
amount of wastewater may lead to regional seismicity, water
lock reactions, and damage to formations135

air prone to generating fracture branching and larger surface roughness53 poor carrying capacity of proppants136

LPG no fluid loss, resulting in better effective fractures136 generates a large amount of flammable propane
N2-based can enhance the connectivity of pore and fracture networks, can quickly clean

without impacting the environment, L-N2 has a large compression coefficient
and strong expansion ability, and has high elasticity137−139

poor carrying capacity of proppants, not suitable for use in plastic
formations140

CO2-based good permeability, low viscosity, generates finer and more complex fracture
networks, increases methane and hydrocarbon production, and favorable for
carbon sequestration77,141

poor carrying capacity of proppants, leading to significant loss
and leakage, strict requirements for fracturing equipment,
preparation and transportation of carbon dioxide31
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and migrate, which can effectively alter the pore structure131

(Figure 18). SC-CO2 has a much lower viscosity than water-
based fracturing fluids, and its surface tension is close to zero,
resulting in a much higher permeability as compared to water-
based fluids. During the fracturing process, SC-CO2 is more
capable of penetrating through disconnected micropores in
rock, transmitting fluid pressure to the deep parts of the rock,
and forming a high-pore pressure zone around the wellbore.
The increase in pore pressure can reduce the effective stress
around the wellbore, lower the rock strength, and make it more
prone to fracturing, inducing microfractures. The resulting
fracture network is more complex as compared to water-based
fracturing fluids (Figures 19 and 20).77,123,132,133

In general, different formations and production targets
require different types of fracturing fluids. The optimization of
fracturing fluid formulations is achieved through laboratory
testing and numerical simulations, to achieve the best
conditions for controlling and expanding fractures.
3.2. Temperature and Injection Pressure. Fracturing is

a multiphysics coupling problem involving three physical
processes (Figure 21): (1) initiation and propagation of high-
pressure induced fractures, (2) heat conduction and transfer
between the fracturing fluid and rock, and (3) fluid flow
between fracturing fluid and rock matrix. Fracturing occurs
when the pressure exceeds the rock fracture pressure and
continues to propagate when the pressure exceeds the
extension pressure.145,146

Temperature can alter the physical properties of rocks, and
the mechanical properties of different rocks change differently
with temperature variations23 (Figure 22). For example, in
sandstone, as the temperature increases, the fracture toughness
of the rock decreases, leading to a decrease in both initiation
and fracture pressures. Numerical simulations indicate that
when the temperature rises to 200 °C, there is a significant

change in the geometric shape of fractures, with fractures
crossing bedding planes and causing some damage to the
bedding planes. Consequently, both fracture and extension
pressures decrease (Figure 23), increasing the possibility of
fracture initiation and propagation. In carbonate rocks, as the
temperature increases, the velocity of sound decreases, the
compressive strength and axial strain increase, and the elastic
modulus decreases.24 In shale, as the temperature increases,
the compressive strength and elastic modulus initially increase
and then decrease, while the axial strain gradually increases
until it reaches a maximum.79,147

An increase in temperature will also reduce the viscosity of
the fracturing fluid, meaning that fracturing fluids are more
likely to flow under high-temperature conditions. This effect is
particularly significant in the case of CO2 fracturing. The
temperature and pressure variations during CO2 fracturing can
result in complex phase changes. Initially, CO2 is stored in a
liquid state, and as CO2 is injected, temperature and pressure
increase. When the temperature reaches 304.25 K and the
pressure reaches 7.38 MPa, CO2 enters a supercritical state.
The SC-CO2 fluid exhibits several distinct characteristics from
CO2, including low viscosity, zero surface tension, and high

Figure 15. Variation of fracture initiation pressure with different
fracturing fluids. Reprinted with permission ref 77. Copyright 2017
Elsevier B.V.

Table 5. Effect of Fracturing Fluid on Permeability

fracturing fluid rock type prefracture permeability permeability after fracturing permeability variation

water-based shale ∼10−9 um2 ∼10−7 um2 increase of 2 orders of magnitude134

coal (10−6−10−7) um2 ∼10−5 um2 improvement of 1−2 orders of magnitude142

Sc-CO2 shale (0.068−0.393) × 10−6 um2 (0.732−1.520) × 10−3 um2 improved by 3−4 orders of magnitude143

shale ∼10−9 um2 ∼10−4 um2 improved by 4−5 orders of magnitude134

coal (10−6−10−7) um2 ∼10−4 um2 improved by 2−3 orders of magnitude142

Figure 16. Fracture width changes with time under different
fracturing fluid viscosity. Reprinted with permission from ref 129.
Copyright 2019 Elsevier B.V.

Figure 17. Comparison of water-based and L-CO2 fracturing fluid
numerical simulation. Reprinted with permission from ref 144.
Copyright 2021 Elsevier B.V.
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diffusion coefficient.28,123 Under high-temperature conditions,
the density and viscosity of SC-CO2 are less influenced by
pressure, and it remains in a high-density, low-viscosity state
(Figure 24).77,109,133 After CO2 enters the reservoir, it flows
into the formation under injection pressure, and during
diffusion, the pressure gradually decreases, approaching the
formation pressure. Upon flowback, some CO2 flows from the
wellbore to the surface, causing a rapid decrease in CO2
pressure, at which point CO2 exists in a gaseous state.
Temperature and pressure variations result in significant

changes in fluid properties, further complicating the fracturing
mechanism (Figure 25).148−151

The injection pressure also directly affects the reservoir pore
pressure, distribution of minimum principal stress, and
propagation behavior of the fracturing cracks. The greater is
the injection pressure, the smaller is the effective minimum
principal stress around the fracture tip, resulting in a larger
deviation angle of the fracturing fracture. The formula is as
follows:129

= P0.8854 12.646d w (2)

Figure 18. SEM analysis of CO2 infiltration into organic matter in
rock indicates that, with increasing infiltration time, CO2 can generate
more etching pores within the organic matter and cause mineral
migration. Reprinted with permission from ref 131. Copyright 2021
ACS Publications.

Figure 19. CT scanning images of sandstone specimens: (4#) water-
based and (5#) SC-CO2. Reprinted with permission from ref 77.
Copyright 2017 Elsevier B.V.

Figure 20. Schematic diagram of rock fractured by different fracturing
fluids. Reprinted with permission from ref 132. Copyright 2021
Elsevier B.V.

Figure 21. Schematic diagram of the THM coupling model.
Reprinted with permission from ref 145. Copyright 2023 Elsevier B.V.

Figure 22. Influence of temperature on the compressive strength of
different lithologies. Reprinted with permission from ref 23. Copyright
2017 Elsevier B.V.
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where θd is the deviation angle of the fracturing fracture, and
Pw is the injection pressure.

High injection pressure can facilitate the tearing and
expansion of rock formations, but it may also lead to
environmental concerns. To maximize the effectiveness of
fracturing fracture propagation, it is necessary to consider
temperature factors and select appropriate parameters based
on actual conditions. Close monitoring of temperature

changes, as well as the response of fluids and rocks, is also
essential.152

3.3. Injection Rate and Displacement. During the fluid
injection process, there is a strong interaction between the
fracturing fracture and pre-existing discontinuities, resulting in
complex geometric shapes of the fracture. At low injection
rates, the fluid pressure may not be high enough to open
bedding planes. The injection rate can influence the direction
of fracture propagation. With increasing injection rate, it is
easier to generate branching fractures and activate natural
fractures, leading to the formation of geometrically complex
fractures. Additionally, when the injection rate is sufficiently
high, the fracture expansion path tends to follow the direction
of maximum horizontal stress, which helps overcome the
influence of natural fractures to some extent.34,153 At low
injection rates, hydraulic fracturing primarily generates
longitudinal and multitransverse fractures. Fracture density is
often used to quantify geometric complexity. When the
injection rate varies in the range of 0.01−1.0 m3/min, the
fracture density in the horizontal section is generally lower
than the fracture density in the vertical section.123,133 The
injection rate of fracturing fluid also affects the curvature of the
fractures. The higher is the injection rate, the smaller is the
curvature of the fracturing fractures. Under the same injection
volume, higher injection rates lead to wider fractures and
shorter lengths (Figure 26). Meanwhile, without considering
the injection volume, higher injection rates result in a broader
expansion of the fractures.92,110

During the fracturing process, as the injection volume
increases, the average width of the fractures gradually increases,
while the average height of the fractures initially increases and

Figure 23. Fracture geometry under different temperature. Reprinted with permission from ref 14. Copyright 2021 Elsevier B.V.

Figure 24. Density and viscosity change of CO2 with pressure at 348
K. Reprinted with permission from ref 123. Copyright 2023 Elsevier
B.V.

Figure 25. SC-CO2 fracturing and CO2 phase change fracturing
model diagram. Reprinted with permission from ref 151. Copyright
2020 Elsevier B.V.

Figure 26. Hydraulic fracture morphology of glutenite under different
injection rates: (a) Q = 7.5 × 10−4 m2/s, (b) Q = 7.5 × 10−5 m2/s,
and (c) 7.5 × 10−6 m2/s. Reprinted with permission from ref 92.
Copyright 2023 Elsevier B.V.
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then levels off. Typically, larger injection volumes lead to the
formation of larger and longer fractures, and expand the
fractures onto a greater rock surface area. This can increase the
number and length of flow paths, enhancing fracture activity
over a longer period of time. However, larger injection volumes
can also result in uneven distribution of the fluid within the
fractures, affecting the overall shape and stability of the
fractures.154

4. FRACTURE PROPAGATION MODEL AND
SIMULATION
4.1. Fracture Propagation Model. Hydraulic fracturing is

characterized by three two-dimensional theoretical models,
including the PK model,155 PKN model,156 and KGD
model.157,158 However, due to the oversimplified assumptions
of these three models, they cannot meet the requirements of
industrial development. The P3D model has emerged to
simultaneously simulate the expansion of fracture in both
lateral and longitudinal directions159,160 (Figure 27). In recent

years, with the advancement of computers, unconventional
fracture models, OpenT models, and others have emerged,
greatly expanding the organic integration of theory and field
monitoring data. (1) In the PKN model, fractures have a fixed
height and an elliptical cross-section, and they propagate only
in the longitudinal direction. Its expression is as follows:
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Q t
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where Q0 is the inlet injection rate; l is the fracture length; C′ is
2CL; CL is the leak-off coefficient; t0(x) is the time fluid passes
through point x; w is the fracture width; and x is the horizontal
coordinate.

(2) The KGD model requires the following assumptions:
(a) constant fracture height; (b) rectangular fracture cross-
section with elliptical lateral sides; (c) sharp front tip of the
fracture; and (d) consideration of rock stiffness only in the
horizontal plane. The expression for the KGD model is as
follows:
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where G is the shear modulus, MPa; ν is Poisson’s ratio; μ is
the fluid viscosity, mPa s; σmin is the minimum horizontal
principal stress, MPa; Q is the pumping rate, m3/min; t is the
construction time, min; L is the fracture length, m; W0 is the
fracture width, m; and Pw is the bottomhole pressure, MPa.

(3) The P3D model evolves from the PKN model and no
longer assumes a fixed fracture height. It reduces the complete
3D elastic rock response to a 2D deformation problem by
setting the elastic plane strain on each vertical cross-section.160

However, it does not consider the changes in the geometric
shape of the fractures in 3D space; hence, it is referred to as a
pseudo-three-dimensional model. (4) The unconventional
fracture model considers the stress interference effect between
adjacent hydraulic fractures and simulates the comprehensive
behavior of fracture propagation, rock deformation, and fluid
flow in the complex fracture network generated during
hydraulic fracturing. The UFM model assumes that the
reservoir has uniform elastic properties and averages the values
over all layers containing fracture height.161 (5) The OpenT
model is a new fracture interaction analysis model that
considers both the fracture toughness of the rock and the
permeability of natural fractures.162 This model focuses on
quantitatively describing the geometric changes and geo-
mechanical characteristics of natural fractures caused by
hydraulic fracture contact. The OpenT model is highly
sensitive to parameters such as injection fluid and fracture
length. Additionally, due to minimal fluid loss in natural
fractures, high injection rates or fluid viscosities greatly
increase the likelihood of penetrating natural fractures.

As shown in Table 6, there are significant differences and
shortcomings among different calculation models. Traditional
hydraulic fracturing calculation models such as PKN, KGD,
and P3D are based on the study of single fracture propagation
and cannot handle the problem of multiple fractures. Although
the UFM and OpenT models can compute the expansion
behavior of complex fracture networks in three-dimensional
space, their expansion paths are limited and their accuracy
needs to be improved (Table 6).
4.2. Fracture Propagation Simulation. Research on

hydraulic fracture propagation is typically done through
physical and numerical simulations. Physical simulations
often involve the use of true triaxial fracturing apparatus
combined with techniques such as acoustic emission or CT
scanning.124,163 However, physical simulations face challenges
such as sampling difficulties, laboratory constraints, and scale
effects.92,164 Additionally, physical simulations can only reveal
the phenomenon of fracture propagation without quantita-
tively uncovering the laws governing fracture propagation.

Most studies rely on numerical simulations, which play a
crucial role in investigating fracture propagation (Table 7).
There are two main approaches in numerical simulations. One
approach considers the discontinuous nature of rocks,

Figure 27. Basic schematic diagrams of hydraulic fracture propagation
models: (a) PKN model, (b) KGD model, and (c) P3D model.
Reprinted with permission from ref 159. Copyright 2023 Editorial
Department of China Coal Society Journal.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08547
ACS Omega 2024, 9, 117−136

129

https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig27&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08547?fig=fig27&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


employing methods such as FEDM, XFEM, and DEM. The
other approach treats the reservoir rock as a continuous
medium, using methods like the FEM, BEM, and FDM.96

Different methods have different applicability conditions. For
instance, DEM, which considers particle-scale effects, may not
be suitable for reservoir-scale computations. However, XFEM,
which utilizes function-based approaches, exhibits clear
advantages in fracturing simulations.165 FDEM, which
combines finite element solutions for deformation problems
with DEM for simulating interblock contact, has been
increasingly applied in fracture propagation studies in recent
years (Figure 28).166−169

5. CONCLUSION AND EXPECTATION
5.1. Conclusion. (1) The expansion of fracturing fractures

is a comprehensive process constrained by factors such as
lithology and mineral composition, water saturation, hetero-
geneity, natural weak planes, and in situ stresses. Specifically,
(a) different lithologies exhibit different characteristics of
fracture expansion and fracture network. (b) Interactions
between natural fractures and fracturing fractures may involve
behaviors such as crossing, propagation, and capturing, and are
influenced by geological factors such as approach angle,
principal stress difference, rock strength, and self-cementation,
as well as engineering factors such as injection rate, type of
fracturing fluid, and temperature. (c) The thickness of the
formation and the in situ stress state also affect the law of
fracture expansion, and a high confining pressure can make it
difficult for fractures to initiate.

(2) Various geological factors collectively influence the laws
and characteristics of fracturing, such as the length of fractures,
the direction of fracture propagation, and the complexity of
fracture networks. However, there is a lack of a standardized
quantitative evaluation for the impact of these factors on
fracture propagation, and there is insufficient research on
lithologies other than shale in fracturing.

(3) The type of fracturing fluid, injection rate, injection
volume, and temperature have significant control over fracture
propagation. As compared to water-based fracturing fluids,
CO2 generates more complex fracture. Additionally, the type of
fracturing fluid and temperature can alter the mechanical
properties of different rock, thereby affecting the laws of
fracture propagation.

(4) The existing models for fracture expansion have certain
limitations. Traditional models such as PKN, KGD, and P3D
are essentially 2-D models and cannot be widely applied in
production. Moreover, these models are typically used for
single fracture expansion and have difficulty in handling
complex fracture networks. Moreover, unconventional fracture
models and OpenT models have organically combined
theoretical models with microseismic monitoring data,
allowing for the consideration of multiple geological factors
on hydraulic fracture networks. However, these models still
rely on idealized assumptions regarding fracture morphology
and propagation paths, and their computational reliability
needs further validation.

(5) Numerical simulation has the potential to surpass the
limitations of physical simulation and characterize the
expansion of fractures under the influence of multiple paths,
geological factors, engineering factors, and in situ reservoir
conditions. However, different simulation methods have
different drawbacks and applicability.T
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5.2. Expectation. (1) Research on heterogeneity is mostly
conducted in three-dimensional space, introducing convolu-
tional identification of minerals or AM technology to identify
minerals and establish three-dimensional models. The search
for quantitative parameters to characterize heterogeneity in
three-dimensional space, combined with simulation software, is
an important direction for studying the impact of hetero-
geneity on fracture propagation.

(2) During fracturing operations, the development of
fractures has a substantial impact on its compressibility. The
establishment of a multiscale fracture network model for
natural fracture systems is currently a challenging research
problem. Therefore, it is worth considering the use of
computer technology to establish quantitative models based
on the characteristics of natural fractures.

(3) The phase transition of CO2 can cause the expansion of
SC-CO2 and induce more complex fractures. At the same time,
SC-CO2 is extremely sensitive to temperature and pressure.
Analyzing the expansion of induced fractures during SC-CO2
fracturing requires considering the phase transition during the
process. It is of great significance to establish a THL coupled
equation for numerical simulation of fractures.

(4) While the current hydraulic fracturing theoretical
calculation models have achieved rich research results in the
influence of geological parameters and the interaction of
multiple fractures, how the interaction mode of fractures
combines with the geometric morphology of natural fractures,
and how it is affected by fracturing engineering parameters
such as injection rate and fracturing fluid viscosity in three-
dimensional space, remain key areas of future research.

(5) Geological-engineering integration is an important
principle in fracturing design, implementation, and postevalua-
tion. However, as fracture propagation continues, the reservoir
parameters of fracture communication will inevitably undergo
certain changes. Therefore, it is necessary to further upgrade
the previous geological-engineering integration to dynamic
geological-engineering integration. This is a major direction for
future research, aiming to achieve real-time and dynamic
description of the fracture morphology, geometric dimensions,
and reservoir geological parameters throughout the entire
hydraulic fracturing process. This will enable the adjustment of
fracturing parameters to achieve timely and dynamic optimal
matching between fracture parameters and reservoir parame-
ters, thereby maximizing the exploitation potential of the
reservoir.

Table 7. Comprehensive Comparison of Numerical Simulation Methods for Fracture Propagation170,a

continuous medium methods

FEM-based
BEM-
based

FDM-
based

FDEM-
based discrete medium methods

comparison items ARM XFEM CZM PFM DEL DDM FDM FDEM PFC UDEC

rock heterogeneity Y Y Y Y Y N Y Y Y Y
weak planes Y Y Y Y Y Y Y Y Y Y
fracture initiation Y N Y Y Y N Y Y Y Y
multi fracture
propagation

√√√ √ √√ √ √ √ √ √√ √√ √√

multifield coupling √ √ √ √ √ √√√ √ √√ √√√ √√√
fracture parameter
acquisition

√√√ √ √√ √√ √√√ √ √ √√ √√√ √√√

computational
workload

√√√ √√ √√ √√ √√ √ √ √√ √√√ √√√

suitable scale lab-scale lab-scale lab-scale lab-scale lab-scale field-
scale

field-scale micro-Scale micro-Scale micro-
Scale

auxiliary software/code N ABAQUS ABAQUS COMSOL COMSOL Resfrac FLAC3D MultiFracS PFC2D/
PFC3D

UDEC

aNote: Y, yes; N, no; √, easy/low; √√, general; √√√, difficult/high.

Figure 28. Results of different numerical simulation methods: (a) ABAQUS, (b) FLAC 3D, (c) MultiFracS, and (d) UDEC.171−173
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