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Natural fractures and cavities are the primary spaces for oil and gas accumulation
in fracture-cavity carbonate reservoirs. Establishing the connection between
these spaces and the wellbore through hydraulic fracturing treatment is
important for oil and gas extraction from such reservoirs. Due to the
discontinuity and heterogeneity of the existing natural fracture-cavity system,
anticipating the viability of hydraulic fracturing treatment is troublesome. A new
method to simulate the hydraulic fracturing propagation in fracture-cavity
reservoirs is proposed based on the continuous damage theory. The method
considers the random spatial distribution of fractures and cavities and can
simulate the arbitrary expansion of hydraulic fractures in the three-
dimensional direction. Based on this method, the influence of different
geological and engineering factors on the propagation patterns of hydraulic
fractures in the fracture-cavity reservoirs is investigated. It is found that the
increase of reservoir burial depth significantly limits the propagation ranges of
hydraulic fractures. The propagation modes of hydraulic fractures encountering
natural fractures change with increasing burial depth, undergoing a transition
from “penetrate and deflect” to "defect” and then to "penetrate”. The reduction of
horizontal stress difference increases the complexity of hydraulic fractures, but it
is not conducive for hydraulic fractures to connect more natural fractures and
cavities. The increase in fracturing pump rate is significantly beneficial for
hydraulic fractures to connect more natural fractures and cavities. The
viscosity of fracturing fluid has a significant impact on the morphology of
hydraulic fracture propagation, which undergoes a transition from simple to
complex, and then to simple with the change of the fracturing fluid viscosity from
low to high. either too high or too low viscosity of the fracturing fluid is not
conducive to the connection of more natural fractures and cavities by hydraulic
fractures. The obtained conclusions can provide a reference for the design of
hydraulic fracturing treatment for fracture-cavity carbonate reservoirs.
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1 Introduction

In recent years, It has been becoming increasingly important to
explore and develop the fracture-cavity reservoirs, especially in deep
basins worldwide (Tian et al,, 2019; Wang et al., 2019). Fracture-cavity
carbonate reservoirs with extreme internal heterogeneity and burial
depth of more than 5,000 m are widely distributed in the Tahe oilfield in
Xinjiang, China (Zhang et al., 2004; Mousavi et al., 2013; Xu et al., 2016;
Jiao, 2019; Ren et al,, 2020; Huang et al., 2022; Zhang et al., 2022; Huang
et al,, 2023a). In Tarim Basin, oil and gas reserves of the discovered
fracture-cavity reservoirs could reach to 1 billion tons (Xiao et al., 2016;
Zheng et al., 2019). Therefore, the efficient development of oil and gas in
fracture-cavity reservoirs is of great significance. A typical carbonate
fracture-cavity stratum is shown in Figure 1 (Qiao et al,, 2022). As we
can see, such stratum is randomly distributed with natural fractures and
cavities of varying sizes. Compared with conventional reservoirs,
fracture-cavity carbonate reservoirs have a dense matrix with pores
compacted under high pressure, which basically do not have hydraulic
connectivity and mobility (Kang et al., 2004; Chalikakis et al,, 2011; Lv
etal,2011;Jietal, 2015 Huang et al,, 2018; Zhang et al., 2019; Tan et al,,
2021; Zheng et al, 2022; Luo et al, 2022). Hydraulic fracturing
treatment to enhance the connection between the wellbore and oil
and gas enriched fracture-cavity system is one of the commonly used
techniques to increase oil and gas production from fracture-cavity
carbonate reservoirs (Rahm, 2011; Huang et al, 2020; Liu et al,
2020). Given the deep burial and the non-uniformly distributed
natural fractures and cavities, there are still many uncertainties and
room for improvement in understanding how the extreme
heterogeneity influence the hydraulic fracture propagation and how
to optimize the fracture-cavity reservoir stimulation treatment.

In past studies, a lot of research on the general behaviour of
hydraulic fractures in heterogeneous reservoirs containing natural
fractures has been carried out physically and numerically. Physical
simulations can provide intuitive experimental results and are widely
used to simulate the expansion of hydraulic fractures. Zhou
experimentally investigated the influence of random natural fracture
systems on the geometry and propagation behavior of hydraulic
fractures, and found both random natural fractures and in-situ
stress differences govern the hydraulic fracture geometry and
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propagation behavior (Zhou et al, 2010). Liu used true triaxial
volumetric fracturing experiments to investigate the factors affecting
the hydraulic fracture propagation, and found that the presence of
random natural fractures around the wellbore, the size of the random
natural fractures, the bulk density of the specimens, and the horizontal
differential stresses all play a role in the process (Liu et al., 2018). Hou
conducted a series of large-scale true triaxial experiments with acoustic
emission monitoring, and found that low-viscosity fluid can activate
discontinuities to form a complex fracture network, whereas a high-
viscosity fluid is likely to produce large fractures under a high contrast
in the horizontal stresses (Hou et al., 2018). Guo carried out physical
simulations of triaxial hydraulic fracturing in tight sandstone and
investigated the influences of natural fracture development degree, in-
situ stress conditions, and fracture treatment parameters on fracture
propagation, and found that natural fracture played an important
factor on hydraulic fracture morphology in tight sandstone reservoirs
(Guoetal,, 2021). Tan carried out experiment tests on several groups of
combination samples comprised of artificial rocks to study the effects
of in-situ stress, injection rate, natural fracture and well type on fracture
growth in coal measure strata, and found the behavior of the hydraulic
fracture also varied significantly between vertical and horizontal wells
(Tan et al., 2023). Numerical simulation methods can overcome the
limitations of physical test specimen size and are widely used in the
study of hydraulic fracture propagation. Chuprakov conducted a
parameter sensitivity analysis of the fracturing interaction process
using numerical simulation, and the numerical results showed the
fracture interaction angle, in-situ stress parameters, the injection rate
and viscosity of the fracturing fluid are important parameters
controlling whether or not a hydraulic fracture can penetrate a
natural fracture (Chuprakov et al, 2013). Zhang et al. (2017)
developed a hybrid discrete-continuous numerical scheme to study
the behavior of hydraulic fractures under the influence of natural
fractures, and the simulation results showed different propagating
paths under various stress ratios and roughness of the natural fracture
surface and that the complexity of fracturing increases as the number
and scale of natural fractures increase. Shan established a fracturing
model based on the continuous damage theory and investigated the
influences of three factors, namely, geostress difference, fracture fluid
viscosity, and pump rate, on the hydraulic fracturing patterns in

FIGURE 1

Typical carbonate fracture-cavity strata outcrops (Qiao et al., 2022). (A) Natural fractures and a single large cavity; (B) Natural fractures and a group

of cavities.
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TABLE 1 Summaries of research methods in published literature and future researching scope.

Methods in published literature

Limitations

Future researching scope

Indoor true tri-axial experiments on specimens with preset
cavities and natural fractures

Numerical simulations of the effect of natural fractures and
cavities on the propagation path of hydraulic fractures in
the plane dimension

laminated Shan et al. (2018). Wang (2019) presented a global cohesive
zone model to study hydraulic propagation in naturally fractured
reservoirs. Qiao et al. (2022) also showed that natural fractures have a
great influence on the propagation of hydraulic fractures through the
numerical simulation study of the hydraulic fracture propagation
behavior of natural fractures under different influencing factors
using the TOUGH-AiFrac simulator. There are still many other
studies. Huang performed simulation to study the interaction
between hydraulic fractures and gravels in glutenite formation
based on 2D particle discrete element method, and results showed
that the non-uniformly distributed stress field caused by the existence
of glutenite maily affects the fracture propagating path (Huang et al.,
2023b). Although the reservoir types studied are different and the
methods used are also varied, these studies have reached similar
conclusions regarding the expansion behavior of hydraulic fractures
in fractured reservoirs (Song et al., 2017; Tan et al., 2017; Huang et al,,
2019; Song et al,, 2020; Tan et al., 2020; He et al,, 2023; Liu et al., 2023;
Wu et al, 2023). They all agreed the significant influence of reservoir
heterogeneity and geostress states on the propagation path of hydraulic
fractures, as well as the control effect of fracturing fluid flow rate and
viscosity on the morphology of hydraulic fracture propagation.
Using similar methods as above, a few researches have been carried
out on the propagation behaviour of hydraulic fractures in fracture-
cavity carbonate reservoirs. Liu conducted a series of physical
simulations of hydraulic fracturing under true triaxial stress states,
to examine the influence of the cavity on the propagation of hydraulic
fractures, and found that hydraulic fracturing turned to deflect by
expanding around a cavity at low levels of stress difference (Liu et al.,
2019). Cheng used the extended finite element method to simulate the
interaction of hydraulic fracture with natural cavities and analyzed the
influences of cavity location and horizontal stress difference on the
interaction patterns of fractures and cavities (Cheng et al., 2019). Liu
examined the connecting mechanisms between hydraulic fractures and
cavities through experiments and numerical simulations, and found
the importance of the connection of natural fractures by hydraulic
fractures to enhance the oil/gas production from fracture-cavity
reservoirs (Liu et al, 2020). Kao developed a solid-seepage-freeflow
coupled fracturing model based on the discontinuous discrete fracture
method to simulate the complex interaction behavior of fractures and
cavities, and found the stress concentration around cavities is the main
factor determining fracture propagation path (Kao et al,, 2022). Zhu
establishes a new coupled thermal-hydraulic-mechanical-chemical
model to simulated acid fracturing in fracture-cavity reservoirs by
treating natural fractures hierarchically, meanwhile different coupling
methods were used for fractures of different scales (Zhu et al., 2023). In
addition, Wang (Wang et al.,, 2018) and Luo (Luo et al,, 2020) analyzed
the intersection behavior of a single artificial fracture with a single
cavity by numerical simulations, and the results showed that the
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Size effect caused by limited specimen size

Numerical simulation of in- site scale considering the effect
of randomly distributed fractures and cavities with diverse
attitudes and scales in three-dimensional space

Ignoring the effect the random distribution of
natural fractures and cavities in three-dimensional
space

presence of the cavities will disturb the fracture propagation path
and make the fracture deflect.

Table 1 shows the summaries of research methods in published
literature and future researching scope. At the present stage, most
physical simulation experimental researches on the interaction between
hydraulic fractures and cavities considering the effect of preset
individual or limited numbers of cavities. What's more, the physical
experiments on samples with relatively small size makes it difficult to
quantitatively analyze the interaction law between hydraulic fractures
and cavities. Also, most of the current numerical methods simulated
interactions between hydraulic fractures and natural fracture-cavity
systems on a two-dimension space, ignoring the effect of the objective
conditions of the random spatial distribution of cavities in three-
dimensional space, which is a significant gap with reality. Therefor,
there is an urgent need to propose a new hydraulic fracture propagation
model suitable for fracture-cavity reservoirs to meet the requirements of
deep reservoir fracturing simulations.

Given the above analyses, a new method based on the
continuous damage theory for hydraulic fracture simulation of
fracture-cavity carbonate reservoirs is developed, which can
consider the effect of randomly distributed fractures and cavities
in three-dimensional space. Based on this model, the influences of
different geologic and engineering factors on the propagation
pattern of hydraulic fracture of the fracture-cavity reservoirs were
investigated. The results of the study can provide guidance for the
design of the fracture-cavity reservoir stimulation treatment.

2 Modeling theory and method

The continuous damage method has been proven to effectively
simulate the dynamic expansion and complex morphology of hydraulic
fractures, in which, the propagation direction of damage fractures are
spontaneously determined by the material constitutive behavior (Busetti
etal., 2012a; Busetti et al., 2012b). Previous research has proved that this
method has advantages in simulating hydraulic fracture propagation in
computational regions with geometric complexity and material
heterogeneity (Shan et al,, 2018; Shan et al., 2018). Therefore, in this
paper we decides to use the continuous damage method to simulate
hydraulic fracture propagation under the influence of heterogeneity in
fracture-cavity reservoirs.

2.1 Coupled seepage-damage-stress model
Hydraulic fracturing is a complex seepage-damage-stress coupling

problem. To accurately simulate hydraulic fracture propagation, it is
necessary to take into account the pore seepage of the rock, the
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deformation of the fractures, the fluid flow in the fractures, and the effect
of natural fractures. The numerical method based on continuous
damage theory is an important means to simulate hydraulic fracture
propagation. The method uses the internal variable, damage factor, to
describe the damage degree of an element, and associates the stiffness,
strength, and seepage parameters of the element with the damage factor,
so that the hydraulic fracture propagation process can be equated to
damage evolution of the model. The main modeling theories are briefly
introduced in the following.

The permeability of the carbonate reservoir matrix is extremely
low. However, to simulate the propagation of hydraulic fracture by
using the continuous seepage-damage-stress coupling theory, the
matrix still needs to be assumed to be a porous elastic medium. The
deformation of the matrix by external loads and the process of pore
fluid seepage satisfy the differential equations of stress equilibrium
and the equation of conservation of seepage mass (Detoumay and
Cheng, 1993; Xu et al., 2010; Shan et al., 2018), which are denoted as:

V(o' +apl) +b=0 (1)

V(y£ (vP—bw)>+st‘=o (2)

Where ¢’ is the effectively stress tensor, tension is taken as
positive; « is the Biot coefficient; p is the pore pressure; b is the body
force vector of rocksk is the reservoir permeability; y,, is element
weight of water; by, is the body force of water phase; € is the strain
tensor, I is the Kronecker delta; m = [1,1,1,0,0,0].

The process of hydraulic fracturing treatment involves continuously
injecting fluid into the reservoir and holding up high pressure. When
the pressure exceeds the strength limit of the rock, hydraulic fractures
occur. Thus, a rock strength model for predicting hydraulic fracture
initiation is needed, and here a hyperbolic Drucker-Prager plasticity
model (Drucker and prager. 1952) is used as a criterion for fracture
initiation, which can take into account the prediction of tensile and
compressive shear failure of the rock (Hibbitt et al., 2016):

F=y\P+g-ptanfd-d=0 (3)

Where F is the yield function; q is the equivalent stress; p is the
effectively mean stress; and 6 are the friction angle and cohesion in
P ~ q space, related to the angle of internal friction; d is the intercept
of the yield surface on the g-axis in the p ~ g stress spaces. Figure 2
shows the comparison of the linear form and hyperbolic form of the
Drucker-Prager criterion.

When the rock element reaches its strength limit under external
loads, damage occurs. And macroscopic fracture occurs when the
damage develops to a certain degree. The stiffness and strength of
the rock at this stage can be expressed as a function of damage factor
(Tang et al,, 2002), For example, the stiffness and strength change
with damage as:

{E:(l—D)EO @

of = (I—D)O'fo

Where D is the damage factor; Ey and o are the modulus
of elasticity and strength of the rock before damage; E and o' are the
modulus of elasticity and strength of the rock after damage.

The brittle behavior of rock is characterized by damage-
displacement response, which could be used to define the energy
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FIGURE 2
Comparison of the linear form and hyperbolic form of Drucker-

Prager criterion in the p ~ q plane.
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FIGURE 3
Relationship between D and Uy, post-failure equavilent plastic
displacement.

required to open an element area of fracture (Hillerborg et al., 1976),
as shown in Figure 3. When the rock element is deformed in an elastic
phase, the damage factor is zero. It is generally accepted that damage
occurs with plastic deformation and changes dramatically with
increasing plastic deformation. The relationship between damage
factor and plastic deformation can be fitted based on rock
mechanical experimental parameters (Shan et al., 2018)

1 . 1
D= el 5)

Where i1y, is the normalized equivalent plastic deformation,
which is the ratio of the current plastic deformation to the ultimate
plastic deformation; a is a material parameter that reflects the rate of
evolution of the damage with plastic deformation.

When the rock is damaged under external load, the permeability
of the rock is inevitably affected due to the formation of
microfractures. Here, the permeability of damaged rocks is
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FIGURE 4

Model geometry of experimental scale and the loading direction, (A) 3D view; (B) vertical view.
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Hydraulic fracture propagation process of Case 1, displayed in 3D view and vertical view.

described in three stages based on the results of previous research
(Zhou et al., 2010; Shan et al., 2018). For undamaged rock element,
the permeability is a function of the mean stress; when the rock
element is damaged but no macroscopic fractures occur, the
permeability is considered to be mainly influenced by the mean
stress and the degree of damage; after the formation of a
macroscopic fractures, the permeability is defined using the cube
law, which is expressed as:

e (o0-00)
k- E(D)koe " (7n7?)
b b

l
. -n(om-ap) . % 2
rp tukoe AN TAART)

D=0
0<D<1

D =1and |os| >0y

(6)

Frontiers in Energy Research

where ko is the permeability of the undamaged rock; 7 is the
coefficient of stress on rock permeability; o, is the effectively
mean stress; [ is the characteristic length of the element; b is the
width of hydraulic fracture, which is approximated here as the
tensile plastic deformation of the element. £(D) denoted as the
permeability damage multiplier as a function of the damage factor,
which is assumed here to be linearly related to the damage variable
D. &, is the permeability damage multiplier when the element is
fully damaged.

The above are the main theoretical equations to realize the
simulation of hydraulic fracture propagation. There is an
obvious coupling relationship between seepage, stress, and
damage. During the hydraulic fracturing process, as the
fracturing fluid is injected, the rock near the wellbore is
damaged under hydraulic pressure. With the damaged area
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FIGURE 6
Hydraulic fracture propagation process of Case 2, displayed in 3D view and vertical view.
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FIGURE 7

Comparison between numerical and experimental results (Liu et al.,, 2019). (A) Comparison between numerical and experimental results of Case 1.
(B) Comparison between numerical and experimental results of Case 2.
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FIGURE 8

(A) Whole geometric model; (B) Set of wellbore and perforations; (C) Set of natural fractures; (D) Set of natural cavities.

TABLE 2 Geometric parameters of natural fractures and cavities.

Parameters Value

Scale range of natural fractures 5m~10 m
Dip angle range of natural fractures 20°~ 70°
Azimuth range of natural fractures 30" ~ 60°

Initial with of hydraulic fractures 2 mm
Size range of cavities 2m ~6m
Permeability 0.01 pDa

increased, the rock permeability is also increased, leading more
fracturing fluid infiltration into the rock to further reduce the
effectively stress, which promotes the formation of macroscopic
fracture under the tensile stress. This process repeatedly occurs
at the tip of hydraulic fractures, which promotes the forward
propagation of the hydraulic fracture. The specific coupling
process can be seen in Figure 6. Due to the large number of
physical quantities involved and the nonlinear deformation
characteristics, the finite element method is used here to solve
the above equations.

Frontiers in Energy Research

2.2 Numerical modeling and
parameter setting

To improve simulation efficiency, commercial software,
ABAQUS, is used for building the model geometry and solving
formulas, and we develop a user subroutine code to associate the
rock element parameters with the damage variable to achieve the
coupling of stress, seepage and damage (Hibbitt et al., 2016). The
model geometric is discretized by linear tetrahedral elements. The
Formula (1-6) are solved by principle of minimum potential energy
using implicit method. Before applying this simulation method to
fracture-cavity reservoirs, the effectiveness of the simulation method
should be verified first.

Due to the fact that the ability of continuous damage methods in
simulating the free propagation of hydraulic fractures in three-
dimensional space and interaction between natural fractures and
hydraulic fractures has been proved (Shan et al., 2018; Shan et al.,
2018), here we only demonstrate the ability of the continuous
damage method to simulate the influence of cavities on the
direction of hydraulic fracture propagation. We will refer to
existing physical simulation results (Liu et al., 2019) and compare
them with the numerical simulation results calculated by our model
to verify the effectiveness of the numerical method proposed in this

frontiersin.org
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FIGURE 9

(A) Whole model meshed by tetrahedron grids; (B) Mesh encryption at key locations.

TABLE 3 Model reservoir rock material parameters.

Parameters Value

Modulus of elasticity 45 GPa
Poisson’s ratio 0.23
Tensile strength 8 MPa
Internal friction angle (Drafcker-Prager criterion) 58"
Shear expansion angle (Drafcker-Prager criterion) 50°
Permeability 0.01 uDa
Porosity ratio 0.016
Coefficient of stress on permeability, 7 0.01 MPa™
Factor for the influence of damage on permeability, &, 1 x 10°
Rate of damage evolution a 0.15

study. In Liu’s study, The experiments demonstrated the influence of
cavities on the propagation path of hydraulic fractures under
different conditions of geostress differences. Referring to his
experimental process, we establish a geometric model of the same
scale and assign the same material properties and boundary
conditions. As shown in Figure 4 are the model geometry and
the loading direction. It can been seen the cavity is pre-set on the
potential expansion path of hydraulic fractures. Two loading
schemes are designed to investigate the influence of geostress
differences on fracture propagation paths refereeing Liu’s study,
where in Case 1, the oy/oy./o), are set to 16/14/7 MPa with a
horizontal stress difference of 7 MPa; while in Case 2, the
oyloy.lo, are set to 16/14/9 MPa with a horizontal stress
difference of 5MPa. The two cases use the same injection
scheme with a pump rate of 20 mL/min.

Figures 5-7 show the numerical results and their comparison with
experimental results. The green area in numerical simulations is the
rock damage area, and its dynamic evolution can be equivalent to the
path of hydraulic fractures. The numerical simulations obtained

Frontiers in Energy Research

Create a geometry that contains the
rock matrix and natural fractures and
cavities

Assign model material parameters and set
initial damage variables for natural fractures
and cavities

Apply boundary conditions and start
calculations

Obtaining the effective stress and
deformation of a cell

l

Determining whether the unit is No
damaged

Yes l

Updating the damage variables of the
unit

|

‘ Output calculation results

FIGURE 10
Numerical calculation flow.

results consistent with the physical simulations. That is under high
horizontal stress difference condition, it is easy for hydraulic fractures
to connect the cavity that located in the direction of maximum
horizontal stress (Figures 5, 7A). However, when the horizontal
stress difference is low, the hydraulic fractures are prone to bypass
the cavity (Figure 6; Figure 7B) due to the stress concentration around
the cavity, as expressed in Cheng and Kao’s work (Cheng et al., 2019;
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Propagation process of hydraulic fracture under the condition of reservoir.
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Kao et al, 2022). It can be seen the numerical simulation method
perfectly reproduces the experimental results. Therefore, the new
simulation method proposed is effective and can be used for
simulating hydraulic fracture propagation in fracture-cavity
Treservoirs.

According to the typical heterogeneity characteristics of
fracture-cavity carbonate reservoirs, it is not suitable to use plane
assumption, therefore, a three-dimensional model is established for
the simulation. The scale of the model is 100 m x 100 m x 60 m
(Figure 8A), and a cluster of perforations is set up in the center of the
model with perforation phase of 60° and perforation number of 6
(Figure 8B). Referring to on-site seismic logging data and literature
parameters (Kao et al, 2022), as shown in Table 2, randomly
distributed natural fractures and cavities are generated in pre-
processing stage (Figures 8C, D), assuming the natural fractures
are elliptical and the cavities are spherical. To ensure the accuracy of
the simulation results and computational efficiency, the geometric
model is meshed using a tetrahedral mesh, and the grid is encrypted
at the locations of the wellbore, perforation holes, natural fractures,
and cavities (Figure 9).

Table 3 shows the reservoir rock material parameters, including the
parameters related to the damage-permeability evolution of the
reservoir rock. For material parameters of natural fractures and
cavities, the nonzero initial damage variables are set for the natural
fractures and cavities so that the natural fractures and cavities have
lower initial strength and stiffness and higher initial permeability
compared with the rock matrix. Here the initial damage variable for
the natural fracture elements is set to be 0.9 and the initial damage
variable value for the natural cavity elements is set to be 1 (i.e., complete
damage with very low strength and very high permeability).

It is assumed that the wellbore is along the direction of the
minimum horizontal stress, and the reservoir is in the state of
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positive fault geostress. The formation pressure gradient is set to
1.1 MPa/100 m, the vertical geostress gradient is taken as 2.2 MPa/
100 m, and the maximum horizontal geostress gradient and the
minimum horizontal geostress gradient are taken as 2.07 MPa/
100m and 1.8 MPa/100m, respectively. The constant pore
pressure boundary condition is applied in our model considering
the model geometry is large enough to avoid the boundary effect on
hydraulic fracture propagation. The viscosity and pump rate of the
fracturing fluid is set concerning the range of values commonly used
in field design.

The above-mentioned is the basic theory and key parameters of
the model, and the overall computational flow is shown in Figure 10.
The geometric model is first established containing different sets,
such as the rock body matrix, natural fractures, and cavities. Then
different model sets are respectively assigned with different material
parameters and initial damage variables. Then the whole model is
meshed and the boundary conditions are applied before calculation.
During the calculation stage, the elements’ damage state is updated
in each analysis step to determine the elements’ mechanics and
permeability parameters, which are used to obtain the new stress and
deformation field of the model. As the coupling calculation
continues, the dynamic propagation process of hydraulic fracture
characterized by damage can be simulated.

Figure 11 shows the hydraulic fracture propagation process of
a simulation case with reservoir burial depth of 3,500 m. Due to
the fact that this study only considers the case of one perforation
cluster, the selected pump rate value is relatively small. Here,
fracturing fluid pump rate of 2 m*/min and viscosity of 3 mPa-s. It
is worth noting that, although the legend in Figure 11 shows a
damage range of 0~1, the hydraulic fracturing is only marked in
green. That is because we selectively expose one damage
isosurface, which is damage of 0.5 marked in green, to display
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Influence of buried depth on the morphology of hydraulic fracture. (A) Burial depth of 3,500 m. (B) Burial depth of 4,500 m. (C) Burial depth of

6,500 m. (D) Burial depth of 8,500 m. (E) Burial depth of 10,500 m.

the three-dimensional morphology of hydraulic fractures more
clearly. As we can see in Figure 11, at an injection time of 100 s,
the hydraulic fracture starts from the injection hole location.
When the injection time is 300 s, the hydraulic fractures initiated
from each perforation converge to form a single fracture surface.
With the continuous injection of fracturing fluid, the hydraulic
fracture continued to propagate, connecting natural fractures
and cavities.

3 Results and analysis

Given that fracture-cavity carbonate reservoirs to be developed
are becoming deeper in burial depth, the influence of geological
factors on hydraulic fracture propagation is becoming more and
more significant. Based on the above modeling theory, this paper
seeks to explore the influence and control mechanism of geological
and engineering factors on the hydraulic fracture propagation of
fracture-cavity carbonate reservoirs through factor analysis
as follows:
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Influence of burial depth on hydraulic fracture propagation path. (A) Burial depth of 3,500 m. (B) Burial depth of 4,500 m. (C) Burial depth of

6,500 m. (D) Burial depth of 8,500 m. (E) Burial depth of 10,500 m.

3.1 Influence of burial depth

Keeping the geostress gradient and pore pressure gradient
unchanged, five burial depths are taken, which are 3,500 m,
4,500 m, 6,500 m, 8,500 m, and 10500 m. The pump rate of the
fracturing fluid is set to 2 m?/min; the viscosity is 3 mPa-s; and the
injection time 2,000s. Then the
corresponding to different burial depths can be calculated by

is geostress parameters
multiplying their respective gradients by depth and substituted
into models for simulations, and the simulation results are
compared afterward.

Figure 12 shows the influence of different burial depths on the
propagation range of hydraulic fractures. To visually display the
simulation results, part of the model surfaces are removed to
observe the internal fracture morphology, and the hydraulic
fractures are also extracted and displayed separately. It can be
seen that under the influence of natural fractures and cavities, the
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hydraulic fractures show an obvious non-planar morphology and
the propagation ranges decrease significantly with the increase of
burial depth. The height of fracture propagation under each
modeling condition is statistically presented in Figure 13,
showing an approximate linear relationship with burial depth
and decreasing by about 5% for every 1,000 m increased in
reservoir burial depth.

To further examine the discrepancy of the influences of natural
fractures and cavities on hydraulic fracture propagation under
different burial depth conditions, a horizontal slice of each
simulation result is displayed in Figure 14. By comparison, it is
found that when the burial depth is relatively shallow (3,500 m,
Figure 14A), the impact of geostress compression on fracture
propagation is relatively small, and the hydraulic fracture
expands sufficiently. The hydraulic fractures can both penetrate
and deflect after meeting natural fractures, and then form a larger
scale of complex fracture network. With the increase of burial
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depth (4,500 m-8500 m, Figures 14B-D), the restraint effect of
geostress on hydraulic fracture propagation is enhanced,
increasing the rock matrix breakage difficulty. The hydraulic
fractures tend to deflect and propagate along natural fractures.
As the burial depth continues to increase (10500 m, Figure 14E),
on the one hand, the increase of geostress limits the propagation
range of hydraulic fractures, and Natural fractures are compacted
tightly enough to prevent the filtration of low viscosity fracturing
fluid into them. Therefore, The trend of hydraulic fractures
deflecting when encountering natural fractures will weaken, and
the hydraulic fractures tends to penetrate the natural fractures, and
the morphology of the hydraulic fractures tend to be simple and
short, which is not favorable for connecting more cavities. When
the burial depth is 3,500 m, 4,500 m, 6,500 m, 8,500 m, and
10500 m, the number of natural fractures and cavities
connected by hydraulic fractures is 34, 30, 24, 17, and 15,
respectively, as shown in Figure 15, showing a more obvious
decreasing tendency with the increase of burial depth.

Frontiers in Energy Research

12

10.3389/fenrg.2024.1377400

We summarize the impact of burial depth on hydraulic
fracture propagation in Figure 16. It can be concluded that
there are two types of cavities that can be relatively easily
communicated by hydraulic fractures: cavities located on the
main hydraulic fracture propagation path, and cavities closer to
the edge of natural fractures have the potential to be connected by
hydraulic fractures. These two types of cavities can be further
divided into two categories based on their distance from the
wellbore. Therefore, each block in Figure 16 is illustrated with
four circles representing four categories of cavities. For reservoirs
with shallow burial depth (3,500 m), hydraulic fractures have a
wide range of expansion and complex morphology, which can
communicate with these four types of cavities. As the burial
depth increases (4,500 m-8,500 m), the increase in geostress have
a negative impact on the expansion of hydraulic fractures.
Hydraulic fractures are prone to deflecting rather than
penetrating when encountering natural fractures. Therefore,
due to the inability to communicate enough natural fractures,
or the expansion path being altered by natural fractures,
hydraulic fractures cannot communicate with cavities far from
the wellbore. When the burial depth increases to 10500 m,
hydraulic fractures tend to be short and flat, only able to
communicate with hydraulic fractures and cavities closer to
the wellbore. Therefore, for deeply buried fracture-cavity
reservoirs, adjusting the viscosity of fracturing fluid is no
longer meaningful. It is possible to consider increasing the
amount of acid to expand the communication range of
hydraulic fractures.

3.2 Influence of horizontal stress difference

In this simulation case, the reservoir condition of 8,500 m
burial depth is taken, and the pore pressure of 93.5 MPa, vertical
geostress of 187 MPa, and maximum horizontal geostress of
176 MPa can be calculated correspondingly. Keeping the
injection fracturing fluid pump rate of 2 m*/min and viscosity
of 3mPa-s and the injection time unchanged, the minimum
horizontal geostress are taken as 152 MPa, 158 MPa, 164 MPa,
170 MPa, and 176 MPa, to investigate the influence of different
geostress differences on hydraulic fracture propagation. The
simulation results are shown in Figure 17.

Figure 17 shows the influence of different horizontal stress
differences on the hydraulic fracture propagation pattern, and it
can be found that when the horizontal stress difference is large,
the hydraulic fracture surface stays perpendicular to the
direction of the wellbore (Figures 17A, B), and as the
horizontal tress difference decreases, the hydraulic fracture
surface no longer stays perpendicular to the wellbore during
propagation (Figures 17C,D). When the horizontal stress
difference is 0, it produces a fracture surface that propagates
along the direction of the wellbore in addition to a fracture
that propagates
(Figure 17E). Also, horizontal slices of simulation results are

surface perpendicular to the wellbore
displayed to investigate the mechanism of effect of different
stress differences, as shown in Figure 18. As can be seen from the
figures, at a horizontal stress difference of 24 MPa, hydraulic

fracture breaks the rock more easily due to the smaller minimum
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Influence of different horizontal stress differences on hydraulic fracture morphology. (A) Horizontal stress difference of 24 MPa, (B) Horizontal stress
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horizontal stress, and hydraulic fracture can easily penetrate the
fracture without being induced by the natural fracture to deflect
(Figure 18A). As the minimum horizontal stress increases and
the horizontal stress difference decreases, it becomes more
difficult to break the rock, and deflection occurs easily when
natural fractures are encountered (Figures 13A-C). When
natural fractures exist in the vicinity of the wellbore injection
hole, it will induce hydraulic fractures to propagate along the
wellbore direction, especially when the horizontal stress
difference is 0, a complete fracture surface that propagates
along the wellbore direction will be develop (Figure 17E;
Figure 18E), increased the complexity of hydraulic fracture
morphology. It can be seen from the simulation results that
the influence of stress differences and natural fractures on the
propagation path of hydraulic fractures is similar to that in
fractured reservoirs such as shale (Zhou et al., 2010; Hou et al,,
2018; Liu et al., 2018). This indirectly proves the effectiveness of
the new method in simulating the influence of natural fractures
and stress differences on the propagation morphology of
hydraulic fractures.
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Figure 19 shows the influence of different horizontal stress
differences on the hydraulic fracture connecting natural fractures
and cavities, and it can be seen that under certain conditions of
fracturing fluid injection pump rate and viscosity, high stress
differences are beneficial for hydraulic fractures to connect
more natural fractures and cavities. The reason for that maybe
high stress difference can promote the hydraulic fracture break
through the natural fracture barrier, and then connect more
natural fractures and cavities, while under conditions of low
stress differences, hydraulic fractures are susceptible to natural
fractures, and hydraulic energy is captured by natural fractures and
cavities near the wellbore, causing limited reservoir stimulation.
Another reason for this result may be that under low stress
differential conditions, hydraulic fractures tend to bypass
cavities, as presented by previous research findings (Cheng
et al, 2019; Liu et al., 2019; Kao et al., 2022). Therefore, for
fracture-cavity reservoirs, high stress differences are beneficial
for improving hydraulic fracturing treatment effects, unlike
shale fracturing which prefers low stress differences to increase
fracture complexity.
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3.3 Influence of fracturing fluid pump rate

Create a new set of five models with the same geostress data. For
each model, the reservoir burial depth is 8,500 m; the pore pressure
is 93.5 MPa; the vertical stress is 187 MPa; the maximum horizontal
stress is 176 MPa; the minimum horizontal stress is 164 MPa. To
investigate the effect of pump rate on hydraulic fracture
morphology, these five models take five different pump rates, 2,
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4,6, 8, and 10 m*/min. And the viscosity of the fracturing fluid is set
as 3 mPa-s for all five models.

Figure 20 and Figure 21 show the hydraulic fracture
propagation patterns under different pump rates. It can be seen
that when the pump rate is increased from 2 m*/min to 4 m*/min,
the propagation range of hydraulic fracture increases more
obviously, but the hydraulic energy is still insufficient for
fractures to the natural fractures

hydraulic penetrate
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(Figure 21B). Thus the morphology of the hydraulic fracture does
not change significantly (Figures 21A, B). When the pump rate is
increased to 6 m*/min or more, hydraulic fractures not only
propagate along natural fractures, but also penetrate them,
forming a multi-branched fracture morphology (Figures
21C-E). Typical features of the influence of pump rate on
fracture morphology can be illustrated as shown in Figure 22.
Figure 23 summarizes the number of natural fractures and cavities
connected by hydraulic fractures under different pump rates. As
can be seen in, the number of hydraulic fractures connecting
natural fractures and cavities increases significantly when the
discharge rate is increased from 4 m’/min to 6m?*/min.
Whereas the pump rate increases to greater than 6 m*/min, the
increase in the number of hydraulic fractures connecting natural
fractures and cavities is not obvious, which may be related to the
scale of the model (Figure 23). In summary, under existing
geological and engineering conditions set in this simulation
case, in order to connect hydraulic fractures with as many
natural fractures and cavities as possible, the fracturing fluid
pump rate should be at least 6 m*/min per cluster.
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FIGURE 20

Morphology of hydraulic fracture under different fracturing fluid pump rates. (A) Pump rate of 2 m*/min, (B) Pump rate of 4 m*/min, (C) Pump rate of

6 m*/min, (D) Pump rate of 8 m*/min, (E) Pump rate of 10 m*/min.
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Influence of different fracturing fluid pump rates on the fracture propagation path. (A) Pump rate of 2 m*/min, (B) Pump rate of 4 m*/min, (C) Pump
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3.4 Influence of fracturing fluid viscosity

In this simulation case, the burial depth is set as 8,500 m; pore
pressure is 93.5 MPa; vertical stress is 187 MPa; maximum
horizontal stress is 176 MPa; minimum horizontal stress is
164 MPa; the pump rate is 2m’min. And five different
viscosities of fracturing fluid for five models are taken to exam
the influence of fracturing fluid viscosity on hydraulic fracture
morphology, they are 3, 30, 100, 150, and 200 mPa:s.

Frontiers in Energy Research 16

Figure 24 and Figure 25 show the influence of fracturing fluid
viscosity on the hydraulic fracture propagation pattern. It can be
found that when the viscosity of the fracturing fluid is very low
(3 mPa:s), the fracturing fluid is heavily lost into the natural
fractures when the hydraulic fractures meet the natural fractures,
inducing the hydraulic fractures to deflect and propagate along the
natural fractures (Figure 25A). As the viscosity of the fracturing fluid
increases, the seepage coefficient of the fracturing fluid in the natural
fracture becomes lower, and the tendency of the hydraulic fracture
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to deflect along the natural fracture is weakened, which is conducive
to hydraulic fractures penetrating natural fractures. Overall as the
viscosity of the fracturing fluid increases, the hydraulic fracture
morphology becomes more and more flat and perpendicular to the
wellbore (Figure 24). Especially when the viscosity of the fracturing
fluid exceeds 150 mPa-s, the hydraulic fracture meets the natural
fracture and penetrates directly, and the influence of the hydraulic
fracture on the propagation path of the natural fracture is already
very small (Figures 25D, E). Typical features of the influence of
fracture fluid viscosity on hydraulic fracture morphology is
summarized in Figure 26, form which, it can be seen that the
hydraulic fracture morphology undergoes a transition from
simple to complex, and then to simple with the change the
fracturing fluid viscosity from low to high. Also, It is worth
noting that through the statistics of the number of natural
fractures and cavities connected by hydraulic fracture under
different fracturing fluid viscosities, either too high or too low
viscosity of the fracturing fluid is not conducive to the
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connection of more natural fractures and cavities by hydraulic
fractures. But there exists an optimum viscosity interval, where
the viscosity of fracturing fluid is not too high to ensure the
expansion of hydraulic fractures along natural fractures, nor too
low to ensure that hydraulic fractures can penetrate natural
fractures. In this simulation case, the optimal viscosity of the
fracturing fluid is 30 mPa-s. Under this viscosity condition, the
hydraulic fractures can not only propagate along the natural
fractures, but also penetrate of the natural fractures (Figure 26),
which is beneficial to connect more natural fractures and the
cavities (Figure 27).

4 Discussion

From the above simulation results, it can be seen that the new
simulation method proposed in this paper can break through the
limitation of the physical simulation experiment size, and also
overcome the limitations of the traditional numerical simulation
methods with plane assumption. The simulation method based on
continuous damage can better simulate the influence of natural
fractures and cavities on hydraulic fractures under different
conditions of geostress, fracturing fluid viscosity and pump rate,
and is in good agreement with the results observed in previous
physical simulation experiments. Based on the advantages of the
simulation methodology in this paper, some relatively new or
different results have been achieved compared to previous work in
the following areas. Firstly, the new method overcomes the
limitations of traditional numerical simulation methods that
only study the influence of a single cavity on the hydraulic
fracture propagation path. The discrete fracture modeling
method is used to establish a model with randomly distributed
natural fractures and cavities that is closer to the actual reservoir
situation. Secondly, the influence of burial depth on the
propagation range and morphology of fractures is investigated.
Previous studies on the influence of geostress on the morphology
of fractures were mostly confined to the influence of the geostress
difference on the morphology of fractures at a certain burial depth,
while actually the increase of the burial depth also has a significant
influence on the morphology of fractures. Finally, evaluating
the
fracturing effectiveness by counting the number of hydraulic

influence of geological and engineering factors on
fractures connecting natural fractures and cavities in the

simulation results, some meaningful conclusions can be
quantitatively obtained.

Due to the assumptions and simplifications in the model in
geologic modeling, such as the geometry, size, and distribution
data of natural fractures and cavities, the model does not consider
the real morphology of fractures and cavities, nor does it consider
the variability of the mechanical and seepage properties of natural
fractures and cavities during their formation, which differs greatly
from the real situation. Thus, the conclusions obtained from the
model in this paper can be used as a qualitative reference, and if the
model is applied in the field practice, it needs to be combined with
specific reservoir parameters to carry out more detailed modeling.
This also provides a direction for the subsequent improvement
work. That is, on the one hand, strive to obtain more accurate

information on the real size and spatial distribution of the natural
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Influence of different fracturing fluid viscosities on hydraulic fracture morphology. (A) Viscosity of 3 mPa-s, (B) Viscosity of 30 mPa-s, (C) Viscosity of

100 mPa:s, (D) Viscosity of 150 mPa:-s, (E) Viscosity of 200 mPa:s.

fractures and cavities; on the other hand, take into account the
variation of the mechanical and seepage properties of the fractures
and cavities, to make the simulation conditions more closer to
the field.

5 Conclusion

In this paper, a finite element model for the propagation of
hydraulic the of
natural fracture and cavity in a fracture-cavity carbonate
reservoir was established based on the continuum damage
theory. The validated against previous
experimental results obtained by other researchers. Based on

fracture propagation under influence

model  was
this model, the influences of burial depth, geostress difference,
and fracturing fluid pump rate and viscosity on the hydraulic
fracture propagation pattern were investigated, and the
following conclusions were obtained:

(1) The burial depth of reservoir affects the ability of hydraulic
fracture to penetrate natural fracture. When the burial
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depth is small (3,500 m), the hydraulic fractures can both
penetrate and deflect after meeting natural fractures. With
the increase of burial depth (4,500 m-8,500 m), the
restraint effect of geostress on hydraulic fracture
propagation is enhanced, hydraulic fractures tend to
deflect and propagate along natural fractures. As the
burial depth continues to increase (10500 m), natural
fractures are compacted tightly enough to prevent the
filtration of low viscosity fracturing fluid into them, the
hydraulic fractures tends to penetrate the natural fractures,
and the morphology of the hydraulic fractures tend to be
simple and short.
(2) The horizontal stress difference has impact on the fracture
morphology and the connection of hydraulic fractures with
natural fractures and cavities. When the maximum
horizontal stress is fixed, as the minimum horizontal
stress increases and the horizontal stress difference
more difficult for hydraulic

fractures to break the rock, and the deflection occurs

decreases, it becomes

easily when natural fractures are encountered. What’s
more, high horizontal stress differences are beneficial for
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FIGURE 25

Influence of fracturing fluid viscosity on hydraulic fracture propagation paths. (A) Viscosity of 3 mPa-s, (B) Viscosity of 30 mPa-s, (C) Viscosity of

100 mPa:s, (D) Viscosity of 150 mPa:s, (E) Viscosity of 200 mPa:s.

hydraulic fractures to connect more natural fractures

and cavities.

—
W
~

connection of hydraulic fractures with natural fractures and
cavities. With the increase of fracturing fluid pump rate, the
ability of hydraulic fracture to penetrate the natural
fractures is enhanced, also the propagation range and
complexity of the hydraulic fractures are increased,
promoting hydraulic fractures to connect more natural

fractures and cavities.

Frontiers in Energy Research

The fracture fluid pump rate has significant effect on the

(4) The fluid viscosity has significant influence on the hydraulic

fracture morphology. The hydraulic fracture morphology
can undergo a transition from simple to complex, and then
to simple with the change of the fracturing fluid viscosity
from low to high. However, either too high or too low
viscosity of the fracturing fluid is not conducive to the
connection of more natural fractures and cavities by
hydraulic fractures. There exists an optimum viscosity
interval, where the viscosity of fracturing fluid is not too
high to ensure the expansion of hydraulic fractures along
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FIGURE 26
Typical features of the influence of fracture fluid viscosity on
hydraulic fracture morphology.
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FIGURE 27

The number of hydraulic fractures connecting natural fractures

and natural cavities under different fracturing fluid viscosity
conditions.

natural fractures, nor too low to ensure that hydraulic
fractures can penetrate natural fractures.

(5) The modelling method introduced in this article can examine
the influence of reservoir heterogeneity caused by the
presence of fractures and cavities, as well as different
geological and engineering factors on the morphology of
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