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ABSTRACT: Hydraulic fracturing technology is regarded as the most prevalent and effective means for unlocking tight
natural fractured sandstone reservoirs and understanding the fracture and pre-existing natural fracture interaction is
critical in the hydraulic fracturing design. Based on the global cohesive element model, the geological and engineering
parameters were compared to explore the stimulation effectiveness. Numerical simulations demonstrate that when
hydraulic fractures encounter natural fractures, various phenomena such as sliding, termination, and crossing occur,
demonstrating the complex mechanical interaction. As the joint fracture energy (JFE) increases, a decrease in the
total length and width of the main fracture can be observed, accompanied by an increase in fracture complexity.
This suggests that the energy required to propagate fractures across fractures plays a significant role in shaping the
final fracture network. In addition, the elastic modulus of tight sandstone and rock reservoirs exerts a substantial
influence on hydraulic fracture propagation. When elastic modulus increased, the fracture width decreased from 0.38 to
0.25 mm, a decrease of 34%. In addition, the fracture length increased from 121 to 151 m, an increase of 25%. Specifically,
as the elastic modulus increases, the hydraulic fractures tend to become longer and narrower, indicating the material’s
resistance to deformation and its impact on fracture geometry. Within the constraints defined by the model, and under
a constant volume of fracturing fluid injection, an increase in the fracturing fluid injection rate (FFIR) leads to a
heightened complexity of fractures and an expansion of the fracturing control zone. In practical scenarios, the complex
fracture creation mitigates the notable impact of viscosity enhancement on fracture propagation within the fracturing
fluid viscosity range of 1-100 cp. When the fracturing fluid viscosity (FFV) increased from 1 to 100 cp, the fracture
width increased from 0.24 to 0.44 mm, an increase of 83%; The crack length decreased from 131 to 122 m, a decrease of
7%. This research offers theoretical underpinnings for investigating hydraulic fracturing propagation in tight sandstone
formations characterized by pre-existing fractures.
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1 Introduction

China’s fundamental energy reserve pattern is characterized by abundant tight sandstone formations yet
limited oil and gas reserves. Projections suggest that by 2050, tight sandstone is anticipated to account for no
less than 50% of China’s primary energy consumption, underscoring its enduring dominance in the nation’s
energy mix over the foreseeable future [1-3]. Currently, hydraulic fracturing technology is the most widely
applied and effective technique for tight sandstone reservoir stimulation in China. Its primary objective
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is to enhance permeability by generating new fracture networks or connecting primary fractures in tight
sandstones [4].

Comprehending the propagation characteristics of hydraulic fractures under varied conditions is
paramount to the success of hydraulic fracturing operations. Scholars both domestically and internationally
primarily investigate the propagation principles of these fractures under varied operational scenarios, lever-
aging physical experimentation, numerical simulations, and theoretical analyses. Fatah and Al-Yaseri [5]
initially formulated the “criterion for tensile fracture induction via stress concentration along borehole
walls,” postulating that hydraulic fractures initiated by hydraulic fracturing are oriented perpendicular to the
direction of the minimum principal stress and propagate toward the vertical minimum principal stress axis.
Uwakwe et al. [6] conducted a meticulous classification of the natural fracture network within tight sandstone
formations, elucidating the morphological features of fractures observed during field fracturing operations.
Dehghan [7] delved into the impact of intrinsic natural fractures on the propagation dynamics of hydraulic
fractures in tight sandstones, unraveling the underlying mechanisms governing hydraulic fracture propaga-
tion in the presence of such fractures. Fan et al. and Li et al. [8,9] examined the role of cleats in initiating
and directing the propagation of hydraulic fractures within tight sandstones. To mitigate the confounding
effects of tight sandstone heterogeneity on hydraulic fracture propagation outcomes, researchers have
resorted to employing homogeneous simulation materials or sophisticated numerical modeling techniques
to conduct hydraulic fracturing experiments. Shrivastava et al. [10], leveraging numerical simulations,
analyzed the impact of bedding plane thickness and spacing on hydraulic fracture length and connectivity.
Tang and Yang [11] employed cement mortar-based tight sandstone samples to investigate the initiation and
propagation characteristics of hydraulic fractures under varied true triaxial stress conditions. Edirisinghe
and Perera [12], utilizing discrete element numerical simulation software, constructed a fluid-structure
interaction (FSI) model to explore the effects of displacement, Poisson’s ratio, and stress on the evolution of
hydraulic fractures during fracturing operations. Lastly, Li et al. [13] applied the displacement discontinuity
method (DDM) to simulate hydraulic fracture propagation in layered and naturally fractured reservoirs,
capturing the intricate interplay between hydraulic fractures, natural fractures, and bedding planes. Although
numerous experiments and numerical simulations related to tight sandstone hydraulic fracturing have been
conducted, relatively little research has focused on fracture propagation in tight sandstone with pre-existing
fractures. It remains unclear how hydraulic fractures propagate, how they interact with pre-existing natural
fractures (NFs), and how geological and engineering parameters influence fracture propagation. Among
these robust fracture propagation models, the finite element method (FEM) implemented in ABAQUS does
not require additional refinement for new fractures, demands fewer degrees of freedom, and exhibits higher
computational efficiency. Additionally, the finite element method (FEM) facilitates the establishment of
natural fracture models. By globally embedding zero-thickness elements within the finite element method
(FEM), arbitrary fracture flow can be achieved, and the simulation results are more realistic.

To analyze hydraulic fracture propagation in tight sandstone with pre-existing fractures, numerical
simulations were performed. Grasping the propagation characteristics of hydraulic fractures under diverse
conditions is pivotal to the success of hydraulic fracturing endeavors. However, uncertainties persist
regarding how hydraulic fractures propagate, their interplay with pre-existing natural fractures (NFs),
and the impact of geological and engineering parameters on fracture propagation. Therefore, this study
investigates hydraulic fracture propagation in tight sandstone formations with inherent fractures. Firstly,
a fracture intersection model was established using the Cohesive module in ABAQUS, and validated via
laboratory experiments. Afterwards, cohesive elements are globally embedded and integrated with Python
to generate a conjugate joint distribution model, thereby establishing a dispersed mesh model. Then, based
on the established model, a hydraulic fracturing simulation scheme is employed to conduct simulation
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research on fracture propagation. The findings can provide theoretical support for hydraulic fracture
propagation in fractured tight sandstone reservoirs. Currently, hydraulic fracturing technology is the most
prevalent and effective means for stimulating tight sandstone reservoirs in China. Mastering the propagation
characteristics of hydraulic fractures under varied conditions is key to the success of hydraulic fracturing
operations. However, uncertainty remains regarding how hydraulic fractures propagate, their interplay with
pre-existing natural fractures (NFs), and the impact of geological and engineering parameters on fracture
propagation. Therefore, four geological and engineering parameters were selected to explore their impact
on the simulation of tight sandstone fracturing. This work provides theoretical support for simulating the
fracturing of tight sandstone.

2 Mathematical Model
2.1 Seepage-Stress Coupling Model

Rock is a porous medium that includes both solid and fluid filled pore spaces. There is an instantaneous
interaction between pore pressure and solid matrix strain. The linear pore elasticity equation is used to
establish the stress-strain relationship as follows [14-16]:

0ij :AEV(Sij'FZGSij_Cg&ij (1)
p=Ce, — ME (2)

Among them: o;; represents stress, MPa; A and G are the Lame parameters of porous materials; C and
M are the additional elastic moduli of the two-phase medium, MPa; ¢, is the volumetric strain; §; j is the
Kronecker function; £ is the strain parameter of the fluid relative to the volume deformation of the solid; p
is the pore pressure, MPa.

When the total stress of the rock is balanced, the component of stress ¢; jon j should be 0, that is:
0ij,j =0 (3)

The rock pore fluid also satisfies the mass conservation equation:

o9&
—+qg;i=0 4
ot i (4)

Among them, ¢q;, jis the fluid flow rate, m®/s.

2.2 Cohesion Law

The Cohesive element model is composed of the viscous traction separation law that controls the process
of fracture propagation and the fluid dynamics equations that describe the fluid flow in permeable rocks
around fractures and hydraulic fractures [17,18]. As shown in Fig. 1, the Cohesive element model can be
divided into cohesive zone and cohesive unbroken zone. In the viscous zone, a pre-defined element composed
of viscous units is embedded in the model, and hydraulic fracturing grows along and within the pre-defined
element. The viscous unbroken zone refers to the incomplete fracture zone where the internal surface tension
is not zero during separation.
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Figure 1: Schematic diagram of cohesive model

Fig. 2 shows the traction separation criterion for viscous units. Point A in the figure represents the
initial damage location, which corresponds to the displacement 6y and maximum traction force Ty, at the
time of the initial damage, B represents the point of complete damage and failure, §; corresponds to the
effective displacement at complete damage, and G, represents the energy release rate caused by complete
damage. As the fluid is injected, under the action of fluid pressure, the viscous traction force increases with
the opening of the viscous surface. When the traction force reaches the cohesive strength T}y, it reaches its
cohesive strength §,. When the separation strength exceeds §y, irreversible linear damage occurs. When the
separation strength reaches the critical value J (at the fracture tip of the material), the viscous strength and
cohesion disappear, and the fracture tip is completely fractured [19,20].
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Figure 2: Damage diagram of cohesive model

The bilinear viscous traction separation rule was used in the model, as shown in Fig. 2. The bilinear
viscous traction separation constitutive relationship can be derived from the following equation [21]:

k08 0<6§60
T={(1-D)ké 8o <8 <y (5)
0 825](
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Among than, ko is the initial stiffness of the viscous interface, k = Tp/8p; Omax is the maximum
separation value obtained during the load period; D is a damage variable that represents the overall degree
of damage to the material.

G

- - (6)

oma (85, - 80,

Among then, &9, represents the displacement of the element node at the beginning of the failure; 81, is

D =1 the displacement opening value of the unit node; §;,** is the maximum displacement at which the unit
nodes open during the loading process.

The analysis in this article adopts the maximum nominal stress criterion:

fzmax{M, L tt} (7)

=, L
A

Among then, Traction vector ¢ = {t,, t;, t;}, three components, ¢, is the traction force perpendicular
to the possible fracture surface, and the other two are the tangential traction forces perpendicular to each
other on the possible fracture surface; £, t°, t? represents the peak value of nominal stress [22]. Once the
cohesive elements (CE) fractures, damage can be evaluated based on fracture energy theory. The damage
evolution of cohesive elements (CE) during fracture propagation is determined by the B-K fracture criterion,
defined as:

c c c Gsh 1 c
G+ (GE-GY) =G (8)
Gr

Among then, G,,, G, and G, respectively represent the work done by the traction force and its conjugate
relative displacement in the normal, first shear direction, and second shear direction. These parameters
can be obtained using traction separation curves. In order to more accurately characterize the material
properties, the traction separation curve was obtained through experimental methods. There is a relationship
between G = G + G¢ and Gr = G, + G. G, G° and G¢ represent the fracture energy in the normal
direction, first and second shear directions, respectively.

2.3 Flow Properties of Viscous Units

It is presupposed that the tangential fluid flowing parallel to the fracture surface behaves as an
incompressible Newtonian fluid, adhering to the pressure transmission formula characteristic of such fluids.
The tangential fluid dynamics within the fracture conform to both the principles of lubrication theory and
continuity equations [23,24].

3
q= d—VPi )
12u
%+V. _d_sv . +( + )—Q (10)
(St 12” Pz q: +qp) = inj

Among then, y is the dynamic viscosity of fracturing water, cp; d is the width of the fracture opening,
m; q is the tangential volumetric flow rate of fracturing water, m*/s; V p; is the fluid pressure gradient along
the viscous region, Pa/m; g, and q,, are the flow rate of fracturing water flowing into and out of the upper
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and lower surfaces of the viscous unit, m>/s; They respectively reflect the filtration of fluids from the surface
of fractures to adjacent layers. For non-permeable rock layers, q; = g5 = 0.

In the viscous unit, the normal flow rate of fracturing water is [25,26]:

{‘Jt =Ci (pi—p1)

qv = Cp (pi = po) o

Among then, p; and p; is the pore pressure in the adjacent porous elastic material at the top and
bottom of the viscous unit surface, respectively, Pa; C; and Cj, is the corresponding fluid filtration coefficient,
m?®/(Pa-s); p; is the pressure on the middle surface of the unit, Pa.

3 Numerical Simulation Model
3.1 Numerical Model

This study is based on a two-dimensional plane model and establishes a 300 x 300 m fracturing area.
The fracturing injection point is located for simulating the wellbore injection, and a 0.5 m long perforation
is pre-set above and below the injection point [27]. Many natural fractured reservoirs have more than one
set of natural fractures (i.e., a set of fractures with one dominant orientation), and reservoirs containing two
sets of natural fractures with different orientations are common. Usually, the initial set of natural fractures is
related to tectonic stress and develops parallel to the compression direction, while the second set of fractures
is caused by viscoelastic effects or orthogonal or sub orthogonal loading. Therefore, we designed a conjugate
natural fracture distribution model, as shown in Fig. 3. Two dimensional 2D models are usually simple
and clear, with lower simulation costs, more suitable for crack propagation, and do not involve interlayer
problems. The modeling of 3D models is very complex and suitable for studying crack propagation in
problems such as layering.
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Figure 3: Conceptual model diagram of hydraulic fracturing modeling

The fundamental segment of the model is discretized utilizing a free quadrilateral meshing technique,
with a universal mesh size of 0.5 m. To mimic the irregular expansion of fractures, cohesive elements of
zero thickness are seamlessly integrated into the global grid. Fig. 4 illustrates the nodal distribution at the
intersections of these cohesive units, showcasing the shared nodes employed at the interfaces between viscous
elements and tight sandstone rock elements, as well as among viscous elements themselves. Notably, at the
injection point, both viscous elements and injection nodes are configured as shared entities. The model’s
boundary conditions encompass zero displacement, a static water pressure boundary, and an initial geostress
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that mirrors the static water pressure, eliminating any geostress differential. The fracturing fluid is injected
at a rate of 0.01 m*/s, and the overall simulation duration time last for 25 s. The presence of natural fractures
increases the complexity of fractures after fracturing. The strength of its weak surface (natural fractures) is
much lower than that of the reservoir rock. Two innovative numerical models were established with different
parameters. By globally embedding zero thickness elements in the finite element method, arbitrary fracture
flow can be achieved, and simulation results are more realistic.
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Figure 4: Distribution diagram of Cohesive element unit nodes in the model (modified after [22])

The mechanical parameters of tight sandstone rock foundation are as follows: elastic modulus of
4.2 GPa, Poisson’s ratio of 0.26, permeability coefficient of 3.5 x 10 m/s, and porosity ratio of 0.1. Set two sets
of viscous unit properties, representing the mechanical properties of ordinary tight sandstone and weak joint
surfaces, respectively. The elastic modulus, Poisson’s ratio, etc. are the same, but the difference is the initial
damage stress (i.e., strength). The initial damage stresses of ordinary rock cohesive units are 1.2, 0.8, and
0.8 MPa, respectively; The initial damage stresses of the cohesive unit corresponding to the joint face are 0.4,
0.25, and 0.25 MPa, respectively. The fracturing fluid is water, with a density of 9800 kg/m® and a viscosity
of 0.001 Pa-s. The detailed model parameter settings are shown in Table 1.

Table 1: Model parameter statistics table

Type Tight se.mdst.one Tig'ht sandst(.)ne ‘ Joint ‘
matrix unit viscous unit viscous unit

Elastic modulus/GPa 4.2
Poisson’s ratio 0.26
Porosity ratio 0.1 0.1 0.15
Permeability coefficient/(m/s) 3.5%x 1078 3.5x 1078 2.0x107°
Filter loss coefficient/(m/s) / 1x10713 1x1071
Fracture energy/] 500 500 100
Fracturing fluid density(kg/m”) 1000
Fracturing fluid viscosity/cp 1.0 x107°

(Continued)
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Table 1 (continued)

Type Tight sandstone Tight sandstone Joint
P matrix unit viscous unit viscous unit
Initial damage stress/MPa Normal direction / 1.2 0.4
Shear 1 0.8 0.25
Shear2 0.8 0.25

The interaction between hydraulic fractures (HFs) and natural fractures (NFs) represents a complex yet
crucial research topic in fracturing technology. To demonstrate the complex fracture propagation, Table 2
shows the interaction between hydraulic fracture and natural fracture. This interplay significantly influences
the formation of fracture networks and, consequently, the stimulation effectiveness in hydrocarbon reser-
voirs. As high-pressure fluids are injected to create hydraulic fractures, stress waves are generated within
the surrounding rock, triggering the propagation of natural fractures. When encountering natural fractures,
hydraulic fractures may penetrate, intercept, or deflect them. In unconventional hydrocarbon reservoirs, the
presence of natural fractures substantially enhances the complexity of fracture networks, thereby boosting
fracturing effectiveness. Numerical simulation methods are prevalent in analyzing the influence of various
factors, including the approach angle between hydraulic and natural fractures, differential principal stress,
and formation elastic properties, on their interactions. Experimental investigations have identified three
primary modes of interaction between these fractures under different conditions: penetration, interception,
and deflection. In scenarios of high horizontal differential principal stress, steep approach angles, and
substantial interfacial friction, hydraulic fractures predominantly traverse natural fractures. Conversely,
in environments characterized by low differential stress, shallow approach angles, and reduced friction,
hydraulic fractures are more prone to being intercepted by natural fractures. Moreover, the angle and spacing
of natural fractures significantly influence the propagation path and extent of hydraulic fractures. For exam-
ple, when natural fractures are perpendicular to hydraulic fractures, the latter tend to traverse a majority of
natural fractures, resulting in intricate fracture networks. Numerical simulations underscore the crucial role
of fluid viscosity, injection duration, and fluid displacement rate in governing the propagation of hydraulic
fractures. The interplay between hydraulic and natural fractures is vital in enhancing reservoir permeability
and recovery efficiency. By meticulously crafting fracturing strategies, we can optimize the utilization of
natural fracture networks, thereby facilitating efficient oil and gas extraction. In essence, the interaction
between hydraulic and natural fractures represents a complex, multistage process. By integrating theoretical
analysis, numerical simulations, and experimental validations, we can gain profound understanding of this
process, furnishing scientific rationale and technical backing for practical engineering applications.
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Table 2: The interaction between hydraulic fracture and the natural fracture
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3.2 Numerical Simulation Scheme

The propagation of hydraulic fractures induced by hydraulic fracturing within tight sandstone reser-
voirs, particularly those with well-developed fracture networks, presents a highly intricate process. The joint
fracture energy (JFE) inherent in these tight sandstone fractures plays a pivotal role in determining the
extent and nature of fracture development. Furthermore, the morphology of these fractures is intricately
intertwined with the elastic modulus (E) of the tight sandstones, the fracturing fluid injection rate (FFIR),
and the viscosity of the fracturing fluid (FFV). Notably, the impact of Poisson’s ratio on fracture propagation,
though present, is deemed relatively negligible and will not be the primary focus of this discussion. Regarding
the influencing factors, the elastic modulus and the reservoir parameters themselves, such as the inherent
properties of the tight sandstone, are fixed and not readily alterable. In contrast, the fracturing fluid injection
rate and viscosity represent engineering parameters that offer a degree of flexibility and can be adjusted strate-
gically based on specific reservoir conditions and operational objectives. By leveraging this understanding,
engineers and geologists can meticulously tailor the fracturing process to optimize fracture growth, ensuring
efficient utilization of the natural fracture network and maximizing the potential for oil and gas recovery.
This approach necessitates a comprehensive assessment of the reservoir’s characteristics, coupled with the
strategic adjustment of engineering parameters to achieve the desired fracture propagation patterns.

The specific simulation plan is shown in Table 3. It should be noted that when changing the FFIR,
maintain the same amount of fracturing fluid injection, and the injection rates of fracturing fluid are 6.0,
8.0, 10.0, and 12.0 m’/min, respectively. The corresponding fracturing times are 25 s, 18.75 s, 15 s, and
12.5 s, respectively.

Table 3: Numerical simulation scheme

Parameter variables and units Type Value
int fract , FE 100, 150, 200, 250
Tight sandstone parameters Joint fracture energy, J J 0
Elastic modulus, GPa E 2,3,4,5
Injecti te of fracturing fluid,
' . njection ra ec3) racturing flui FFIR 6.8, 10,12
Engineering parameters m’/min
Fracturing fluid viscosity, cp FFV 0.001, 0.01, 0.05, 0.1

4 Simulation Results and Analysis
4.1 The Influence of Joint Fracture Energy (JFE) on Fracture Propagation

The fracture energy inherent within tight sandstone formations holds a profound influence on the
expansion dynamics of hydraulic fractures within these materials. To delve deeper into this phenomenon,
we will embark on a study that specifically examines the consequences of varying the magnitude of joint
fracture energy on the propagation patterns of fractures, while maintaining a consistent set of key parameters.
This includes fixing the fracturing simulation duration at 25 s, ensuring a horizontal stress difference
(HSD) of zero, and adhering to the parameter values outlined in Table 3 for all other relevant factors.
Then, we will increase the joint fracture energy JFE to 100, 150, 200, and 250, respectively. Fig. 5 illustrates
the transformation in the geometric configuration of fracture propagation across varying levels of joint
fracture energy (JFE). As the JFE escalates, a discernible trend emerges: the joint’s resistance to deformation
intensifies, resulting in an augmentation of its strength. With all other conditions held steady, this enhanced
strength leads to a reduction in both the overall length and width of the primary fracture. However,
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paradoxically, the increased joint strength prompts the fracturing fluid to disseminate more extensively
along the preexisting fractures, thereby enhancing the intricacy of the fracture network. It is noteworthy
that when JFE reaches a threshold of 200 J/m?, further increments do not significantly alter the qualitative
patterns of fracture propagation. Additionally, it is imperative to consider that fractures situated remotely
from the fracture tip may be susceptible to shear failure, a phenomenon that underscores the complexity
and dynamic nature of fracture behavior in tight sandstone formations. The shear failure of these fractures
can release acoustic energy into the entire reservoir and can be detected through microseismics during the
production process [28]. Fig. 6 shows the Fracture width and length under different JFE conditions. It can
see that the fracture width decrease with the increase of JFE. In addition, the fracture length also decrease
with the increase of JFE. Overall, JFE has a significant influence on the hydraulic fractures propagation in
tight sandstones, and the fracturing fracture paths in the near wellbore area are more complex than those in
the far wellbore area. When JFE increased from 100 to 250 J/m?, the fracture width decreased by 50% from
0.42 to 0.21 mm, and the fracture length decreased by 20% from 135 to 108 m. JFE has a significant impact
on fracture morphology.
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Figure 5: Fracture propagation morphology under different JFE conditions, HSD = 5 MPa
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Figure 6: Fracture width and length under different JFE conditions, HSD = 5 MPa

4.2 The Influence of Elastic Modulus (E) on Fracture Propagation

Previous mechanical tests have shown that elastic modulus is a key parameter in tight sandstone rock
reservoirs. Establishing elastic model parameters for different tight sandstone rock reservoirs. The joint
fracture energy is set to 100 J/m?, the fracturing simulation time is 25 s, the horizontal stress difference
(HSD) is 0, and other parameters are shown in Table 3. The elastic modulus is set to 2, 3, 4, and 5 GPa,
respectively. Fig. 7 shows the geometric shape of fracture propagation under different elastic model E
conditions. The findings suggest that as the elastic modulus (E) increases, the primary fracture lengthens,
while the number of smaller, bifurcated fractures diminishes. This aligns with experimental outcomes from
relevant mechanical tests, wherein higher E values correlate with enhanced brittleness in the reservoir,
facilitating the formation of longer fractures. Notably, at an E of 4 GPa, the fracture length achieves its
maximum. However, as E further escalates, the number of branching fractures commences to augment. It
is also worth mentioning that during fracturing operations, these slender, bifurcated fracture channels are
prone to closure due to their narrow widths, thus contributing minimally to production. From a fracture
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morphology perspective, E exerts a pronounced effect on fracture propagation. Specifically, as E grows larger,
hydraulic fractures tend to become longer and narrower, while the count of primary fractures remains
constant, accompanied by an increase in the number of branch fractures. The elastic modulus (E) of tight
sandstone and rock reservoirs significantly impacts the expansion of hydraulic fractures. Fig. & clearly
depicts the inverse relationship between fracture width and E, as well as the negative correlation between
fracture length and E. When E increased from 2 to 5 GPa, the fracture width decreased from 0.38 to
0.25 mm, a decrease of 34%; And the fracture length increased from 121 to 151 m, an increase of 25%.
The simulation results are consistent with the results of indoor experiments. The results of rock mechanics
fracture experiments show that the larger the elastic modulus, the greater the brittleness of the rock, and the
easier it is to form long fractures [29].
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Figure 7: Fracture propagation morphology under different E conditions, HSD = 5 MPa
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4.3 The Effect of Fracturing Fluid Injection Rate (FFIR) on Fracture Propagation

Maintain the same amount of fracturing fluid injection and change the fracturing fluid injection rate
FFIR (corresponding to a change in fracturing time) to study the effect of FFIR on the expansion of
tight sandstone hydraulic fracturing fractures. The fracturing simulation time is 25 s, the horizontal stress
difference (HSD) is 0, and other parameters are shown in Table 3. The injection rates of fracturing fluid
are 6.0, 8.0, 10.0, and 12.0 m*/min, respectively, with corresponding fracturing times of 25, 18.75, 15, and
12.5s. Fig. 9 shows the geometric shape of fracture propagation under different FFIR conditions. The results
show that, under the same amount of fracturing fluid injection, with the increase of fracturing fluid injection
rate, the width and length of fractures both increase. Moreover, when the FFIR increases to 10.0 m’/min, the
length of fractures is the longest and the number of branching fractures is the highest. The fracturing effect
is best under this model. When the FFIR continues to increase, due to the occurrence of perforation, the
fracturing fluid leaks out, resulting in a decrease in the complexity of the final fracture. Fig. 10 illustrates the
fracture width and length under different FFIR conditions. Both the fracture width and fracture length can
be seen for the increase of FFIR. Within the range set by the model, while maintaining the same amount
of fracturing fluid injection, the complexity of fractures increases with the increase of FFIR, and the range
of fracturing control increases. However, for fracturing construction, an increase in displacement requires
higher requirements for wellhead equipment, which is also a problem that needs to be considered. When
FFIR increased from 6 to 12 m®/min, the fracture width increased from 0.26 to 0.42 mm, an increase of 62%;
The fracture length increased from 116 to 153 m, an increase of 32%. The increase in FFIR has a significant
impact on the fracture morphology and is beneficial for fracturing operations. However, the increase in FFIR
requires too much equipment and results in more leakage.



Energy Eng. 2026;123(9):14

8,811

(Avg: T3%)
+1.983e+07
+1.699e+07
+1.415¢+07
+1.131e+07
+8.472e+06
+5.633¢+06

(a) FFIR= 6 m3/min

S, 811

(Avg: 75%)
+2.202¢+07
+1.796¢+07
+1.390e+07
+9.833¢+06
+5.771e+06

-1.860¢+07
2.267¢+07
2.673¢+07

(¢) FFIR= 10 m3/min

S.S11

(Avg: 75%)
+2.639¢+07
+2.293¢+07
+1.947¢+07
+1.601e+07
+1.254¢+07
+9.082¢+06
+5.621¢+06
+2.160e+06
-1.302¢+06
~1.763¢+06
-8.224e+06
-1.169¢+07
-1.515¢+07

(b) FFIR= 8 m3/min

S, S11
(Avg: 75%)
+1.746e+07

-1.518e+07
-1.984¢+07
-2451e+07
-2917e+07
-3.383¢+07
-3.849¢+07

(d) FFIR= 12 m3/min

Figure 9: Fracture propagation morphology under different FFIR conditions, HSD = 5 MPa
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Figure 10: Fracture width and length under different FFIR conditions, HSD = 5 MPa

4.4 The Effect of Fracturing Fluid Viscosity (FFV) on Fracture Propagation

The viscosity of the fracturing fluid serves as a pivotal parameter in hydraulic fracturing operations.
To isolate its influence, we maintain all other variables constant and delve into how varying the fracturing
fluid viscosity (FFV) impacts the expansion of hydraulic fractures in tight sandstone formations. Our
simulation spans 25 s, assumes a horizontal stress difference (HSD) of zero, and adheres to the parameters
outlined in Table 3. We set the FFV at 1, 10, 50, and 100 cp, respectively, to observe its effects. Fig. 11
visually represents the geometric configurations of fracture propagation under different FFV scenarios. The
data reveals that as FFV escalates, the fracture length and complexity remain relatively stable, implying
that for tight sandstones with pre-existing fractures, augmenting the viscosity of the fracturing fluid has a
limited impact. Fig. 12 further illustrates the relationship between fracture width and length against varying
FFV. Notably, while an increase in FFV leads to a narrowing of fracture length, it concurrently enhances
fracture width. Conventionally, boosting fracturing fluid viscosity is considered advantageous for fracture
propagation and extension. However, in practical scenarios featuring densely packed formation fractures,
this effect is negligible within the FFV range of 1-100 cp. Overall, the influence of fracturing fluid viscosity
is minimal. Therefore, during on-site construction, when using low viscosity fracturing fluid, the influence
of fracturing fluid viscosity can be appropriately ignored. When FFV increased from 1 to 100 cp, the fracture
width increased from 0.24 to 0.44 mm, an increase of 83%; The fracture length decreased from 131 to 122 m,
a decrease of 7%. An increase in FFV is beneficial for fracture width, but the length will decrease. Research
suggests that in general, increasing the viscosity of fracturing fluid is beneficial for providing crack width, but
the length of crack propagation is significantly reduced. Low viscosity fracturing fluid has strong diffusion
ability and is more likely to penetrate into microcracks and pores, making it easier to form complex fracture
networks. Therefore, during on-site construction, when using low viscosity fracturing fluid, the influence of
fracturing fluid viscosity can be appropriately ignored to achieve sand carrying effect.
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Figure 11: Fracture propagation morphology under different FFV conditions, HSD = 5 MPa
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Figure 12: Fracture width and length under different FFV conditions, HSD = 5 MPa

5 Field Applications

To valid the numerical simulations, a case study from the Shunbei oilfield is selected. The target
formation of sandstone matrix is tight, with lithology mainly composed of sandstone—predominantly lithic
sandstone and feldspathic lithic sandstone, and a small amount of quartz sandstone. The lithic content is high
(32%-41%), mainly consisting of volcanic rock fragments (andesite and basalt fragments) and metamorphic
rock fragments (gneiss and phyllite fragments); the feldspar content ranges from 17% to 21.8% (dominated by
potassium feldspar), and the quartz content is 28%-47%, indicating an overall low compositional maturity.
The reservoir is distributed in a “strip-like” pattern around strike-slip fault zones. The fault fracture zones
and derived fractures generated by multi-stage fault activities serve as the core reservoir spaces of the tight
sandstone reservoir. For stimulation, this well adopted the horizontal well staged fracturing technology. The
pumping rate was 10 m*/min, and a total of 8 fracturing stages were completed along the horizontal wellbore.
Each stage was perforated with 2-3 clusters, with a cluster spacing of 30-60 m. During the proppant injection
process, parameters such as proppant particle size and proppant-liquid ratio were considered, and a pulsed
proppant injection technique was employed to ensure effective fracture conductivity by the proppant. An
overall volume stimulation mode with a proppant intensity of 2.5-3.5 m’/m was adopted, achieving favorable
results. Numerical simulation results confirm that the generated fractures are highly consistent with those
detected by wide-area electromagnetic monitoring. Fig. 13 shows numerical simulation for one stage of the
horizontal well in the target formation.
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Figure 13: Numerical simulation for one stage of the horizontal well in the target formation
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The fractures on both sides extend more fully, with the left-side fracture reaching a length of 147 m
and the right-side fracture 138 m. However, the middle fracture is affected by stress shadowing, resulting
in limited overall extension, with a total length of approximately 125 m. The total error is about 12.11%.
Further findings from the simulation reveal that natural fractures at local locations exhibit differences in
activation. Specifically, natural fractures perpendicular to the fault strike open earlier than those parallel to
the fault strike, and fracturing fluid leakage mainly occurs along the direction of the minimum principal
stress. In terms of their respective roles, the wide-area electromagnetic method focuses more on the actual
monitoring of the real conditions of the fractured network induced by fracturing, while numerical simulation
emphasizes the analysis and prediction of the formation and propagation of the fractured network from a
theoretical and modeling perspective. If the results of the two methods are compared, it may be found that the
numerical simulation shows a certain degree of consistency with the actual monitoring results of the wide-
area electromagnetic method in terms of predicting the propagation direction and morphology of fractures.
These findings verify the reliability and accuracy of the model and the error mainly comes from the 2D (two
dimensional) assumptions.

In real reservoirs, heterogeneities such as bedding planes, natural fractures, and stress anisotropy cause
hydraulic fractures to frequently undergo diversion, branching, or curved propagation. However, 2D models
force fractures to extend within a fixed plane, which can significantly underestimate or overestimate the
actual extension range and morphology of fractures. Furthermore, 2D models are generally categorized
into “plane strain models” (assuming a fixed fracture height, with only length and width calculated) and
“plane stress models” (assuming a fixed fracture width). In actual fracturing operations, however, fracture
height dynamically changes under the influence of factors like the stress difference between the upper and
lower barrier layers, reservoir thickness, and fluid loss. Additionally, the “thickness” of fractures (i.e., fracture
width) exhibits non-uniform distribution along the length and height in 3D space (e.g., wider fracture width
near the wellbore and narrower width at the far end). In field applications, the assumption of fixed parameters
in 2D models leads to deviations in the calculation of in-fracture fluid pressure distribution and net pressure.
This, in turn, affects the prediction accuracy of fracture propagation speed and final scale. Particularly, 2D
models struggle to handle well-fracture coupled flow, making it impossible to provide effective guidance for
the optimization of complex fracturing schemes. Thus, the results of this model are only valid for cases where
the fracture height is confined within the pay zone.

From the result analysis, the “sliding, termination, and crossing” phenomena between hydraulic
fractures and natural fractures observed in the model are consistent with Dehgean’s (2020) experimental
conclusions. The quantitative relationship between JFE and fracture complexity supplements the qualitative
research by Fan et al. (2014), and the law that “increasing E makes fractures longer and narrower” is
also consistent with the discrete element simulation results by Li et al. (2021). Additionally, the ABAQUS
Cohesive element model used in this study does not require mesh refinement for newly generated fractures,
balancing computational accuracy and efficiency. In terms of the priority of parameter adjustment, FFIR is
the core adjustable parameter, directly determining the scale and complexity of the fracture network, but it
is necessary to balance fracturing effect and wellhead equipment cost. FFV has a limited impact on fracture
propagation, and low-viscosity fracturing fluid (1-50 cp) can meet the requirements. As fixed geological
parameters, JFE and E can be compensated for their adverse effects on fractures by adjusting FFIR (e.g., FFIR
can be increased to 10 m*/min in formations with high JFE).

In terms of engineering application, for formations with high JFE (e.g., deep tight sandstones with
strong natural fractures), FFIR can be adjusted to 8-10 m*/min to ensure the complexity of the fracture
network. For high-E brittle formations, the viscosity of the fracturing fluid needs to be controlled within 10-
50 cp to avoid further narrowing of fractures. For formations with high natural fracture density (the focus
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of this study), low-viscosity fracturing fluid (1-50 cp) is used, which can not only reduce the cost of fluid
preparation but also ensure the fracturing effect. Under real-world field circumstances, geological parameters
are typically fixed, so adjustments must be made through engineering parameters, primarily the viscosity
and displacement rate of fracturing fluid. A higher Fracturing Fluid Injection Rate (FFIR) exerts a notable
influence on fracture geometry and is advantageous for fracturing operations. Nevertheless, increasing FFIR
demands excessive equipment and leads to substantial leakage. The selection of this parameter should be
based on actual on-site conditions. The viscosity of the fracturing fluid has a relatively minor impact on
on-site operations: excessively high viscosity hinders fracture propagation, while overly low viscosity is
unfavorable for fracture propping. These results are useful for hydraulic fracturing design in tight formations.

6 Conclusion

This paper investigates the problem of fracture propagation in tight sandstone rock with pre-existing
fractures. Firstly, a fluid structure coupling model of fracture intersection was established using the Cohesive
module of ABAQUS, and validated through indoor experiments. Afterwards, the cohesive unit is embedded
globally and combined with Python to generate a conjugate joint distribution model to establish a dispersed
mesh model. Then, based on the establishment of a model, a hydraulic fracturing simulation scheme is used
to complete the simulation research on fracture propagation. In summary, the key findings of this study are
as follows:

(1) Under normal stress conditions, the numerical simulation results of scenarios with different
approach angles and stress differences are highly consistent with the experimental results of scholars such
as Zhou and Blanton. In field fracturing operations, when induced fractures encounter natural fractures,
phenomena such as sliding, termination, or crossing generally occur, which verifies the model’s ability to
characterize actual fracture interaction behaviors.

(2) As joint fracture energy (JFE) increases, joint strength increases simultaneously. Under otherwise
unchanged conditions, the length and width of the main fracture decrease significantly; however, the
enhanced joint strength promotes the wider diffusion of fracturing fluid along pre-existing fractures,
ultimately increasing the complexity of the fracture network. This provides a theoretical basis for fracture
network regulation in high-JFE formations.

(3) As the elastic modulus (E) of tight sandstone reservoirs increases, hydraulic fractures exhibit a “long
and narrow” characteristic—the number of main fractures remains unchanged while the number of branch
fractures increases. Moreover, E has a significant impact on the propagation range of hydraulic fractures,
clarifying the key to controlling fracture morphology in high-E brittle formations.

(4) Within the model’s parameter range, when the total fracturing fluid injection volume is constant,
increasing the fracturing fluid injection rate (FFIR) can enhance fracture complexity and expand the
fracturing control area. However, this requires supporting more robust wellhead equipment, providing a
trade-off basis for on-site displacement optimization and equipment selection.

(5) When formation fractures are densely developed, the impact of increasing fracturing fluid viscosity
(FFV) within the range of 1-100 cp on fracture propagation is negligible, and the overall effect of FFV is weak.
This provides support for the application of low-viscosity fracturing fluid in tight fractured formations.

7 Challenges and Future Prospects

From the perspective of rock mechanics, the core logic behind the narrow width of hydraulic fracturing
fractures under high Young’s modulus conditions can be explained through three dimensions: the elastic
deformation characteristics of rocks, the matching relationship between the net pressure in the fracture
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and rock response, and the energy distribution law. Rocks with high Young’s modulus exhibit high rigidity,
resulting in minimal elastic strain under the same stress. The “width” of a hydraulic fracture essentially refers
to the “tensile elastic deformation” of the rock on the fracture walls under the action of fluid pressure inside
the fracture: after fracturing fluid is injected into the fracture, the pressure within the fracture overcomes
the in-situ stress of the reservoir to form “net pressure”. This net pressure exerts a “tensile force” on the
upper/lower or left/right walls of the fracture, forcing the rock to open sideways, and the distance of this
opening is the fracture width. The opening degree of fracture width is jointly controlled by the net pressure
driving fracture propagation and the stiffness of rock resisting deformation, and its simplified correlation is:

W o pnet'L
E

Among then, w is the average fracture width, m; E is the Youngs modulus of rock, GPa; py is the
effective net pressure, MPa; L is the fracture length, mm; This proportional relationship indicates that the
fracture width is inversely proportional to Young’s modulus—when Young’s modulus of rock increases, its

(12)

ability to resist elastic deformation is enhanced, and the fracture is difficult to open sufficiently under the
same net pressure.

Even after the fracture initiates, the “rigidity” of rocks with high Young’s modulus causes the “energy
loss” of fluid pressure in the fracture to be more inclined towards “fracture extension” rather than “fracture
opening”. A portion of the energy from the injected fracturing fluid is used to overcome the elastic resistance
of the rock to open the fracture (converted into elastic potential energy of the rock), while the other portion
is used to overcome the fracture toughness of the rock to expand the fracture (converted into surface energy
of the new fracture surface). Rocks with high Young’s modulus have high elastic resistance, so more of
the injected energy is consumed in “maintaining fracture extension” (e.g., overcoming the stress shadow
effect and passing through porous media). This limits the increase in effective net pressure available for
“fracture opening’, further restricting the fracture width. In hydraulic fracturing engineering, the core
functions of fracturing fluid viscosity are to “maintain net pressure in the fracture, carry proppants, and
reduce fluid loss”. Theoretically, it regulates the fracture propagation morphology by influencing the pressure
distribution inside the fracture. However, in practical scenarios, when the dominant effects of inherent
reservoir properties, construction parameters, or geological conditions far exceed the influence of viscosity,
the impact of fracturing fluid viscosity on fracture propagation morphology decreases significantly. For the
results of this study, the existence of natural fracture properties and stress characteristics has, to a certain
extent, weakened the influence of fracturing fluid viscosity on the overall fracture morphology. In this
case, the fracture morphology is dominated by “natural fracture activation”, and the influence of viscosity
is diminished. This phenomenon is relatively common in unconventional reservoirs with well-developed
natural fractures, such as shale and coal-measure reservoirs. The core goal of fracturing in such reservoirs
is to “activate natural fractures to form complex fracture networks” rather than “rely on fracturing fluid
viscosity to create new main fractures”. At this point, the “distribution density, orientation, and connectivity”
of natural fractures become the core factors determining the fracture propagation morphology, and the
role of viscosity is greatly reduced. In summary, when the effects of factors such as reservoir stress, natural
fractures, construction displacement, and fluid loss far exceed the ability of viscosity to regulate net pressure,
the influence of viscosity will be reduced.
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