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Abstract	
With	 the	 development	 of	 unconventional	 oil	 and	 gas	 resources,	 hydraulic	 fracturing	
technology	has	played	a	crucial	role	in	the	exploitation	of	shale	gas,	tight	oil,	and	other	
reservoirs.	The	expansion	morphology	of	fractures	significantly	impacts	the	fracturing	
effectiveness,	and	the	geometric	characteristics	of	the	fractures	are	influenced	by	rock	
mechanical	parameters	and	geological	conditions.	This	study	systematically	investigates	
the	effects	of	Young's	modulus,	Poisson's	ratio,	brittleness	index,	and	horizontal	stress	
difference	on	the	fracture	propagation	path,	width,	and	length	in	hydraulic	fracturing,	
using	 numerical	 simulation	 methods.	 The	 simulation	 results	 indicate	 that	 Young's	
modulus	 is	closely	related	to	 fracture	stiffness,	with	higher	values	 leading	to	reduced	
fracture	width	and	increased	length.	Poisson's	ratio	affects	the	deformation	behavior	of	
fractures,	with	larger	Poisson's	ratios	causing	more	uniform	fracture	deformation.	When	
the	brittleness	 index	 is	higher,	 fractures	 tend	 to	adopt	a	more	 elongated	 shape.	The	
horizontal	 stress	difference	 influences	 the	directional	propagation	 of	 fractures,	with	
larger	stress	differences	resulting	in	more	linear	fracture	shapes.	This	study	provides	
theoretical	 support	 for	 fracture	 design	 and	 fracturing	 parameter	 optimization	 in	
hydraulic	fracturing	operations,	aiming	to	improve	fracturing	efficiency	and	optimize	oil	
and	gas	recovery.	
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1. Introduction	

As global energy demand continues to grow and traditional oil and gas resources gradually 
deplete, the development of unconventional energy sources has become an important 
component of global energy strategy. Unconventional resources such as shale gas and tight oil, 
with their vast potential, have attracted widespread attention from the oil exploration and 
production industries worldwide. Hydraulic fracturing, as a mature extraction technology, has 
played a key role in the development of shale gas and tight oil. This technology involves 
injecting high-pressure fluids into underground rock formations to induce the formation and 
propagation of fractures, thereby significantly enhancing the permeability of reservoirs and 
enabling the effective extraction of previously inaccessible oil and gas resources. 
The research methods for hydraulic fracturing mainly include experimental studies(Z.-L. Zhou 
et al., 2024) and numerical simulation studies(Ismail & Azadbakht, 2024). Numerical 
simulations have rapidly developed due to their advantages such as low cost, no need for field 
experiments, and the ability to handle complex geological conditions. Currently, commonly 
used numerical simulation methods include Cohesive Zone Model(Chen et al., 2016; Guo et al., 
2017), DDA (Choo et al., 2016; Hu et al., 2021), XFEM (Chen et al., 2023; Dong et al., 2021; Zhou 
et al., 2025), DEM(Huang et al., 2023; Li et al., 2022), FEM(Liao et al., 2020; Zhang et al., 2024), 
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and Phase Field Method(Gong et al., 2025; Ni et al., 2020). These methods have made significant 
progress in the field of hydraulic fracturing. 
Among them, the Cohesive Zone Model (CZM) is one of the effective alternative methods for 
describing fracture propagation(Li et al., 2023). This model assumes the presence of a process 
zone at the crack tip and uses a traction-separation (T-S) constitutive model to describe the 
fracture behavior within this process zone, thus avoiding the stress singularity problem at the 
crack tip in linear elastic fracture mechanics. This makes CZM more stable when simulating 
fracture propagation and rupture processes. 
Sun et al. (2012) conducted a study on hydraulic fracture propagation in oil shale using cohesive 
elements. They found that fractures are elliptical in shape and influenced by the anisotropic 
properties of oil shale and in-situ stresses, with fracture propagation varying in different 
directions. As fracturing fluid is injected, the fracture width increases, and stress concentrates 
at the fracture tip, ultimately promoting fracture extension. The study also examined the 
initiation and propagation of fractures in horizontal wells in oil shale, analyzing the effects of 
geological and engineering factors on fracture morphology. Chen et al. (2023). used extended 
finite element methods to simulate the effects of factors such as Poisson's ratio and brittleness 
index on fracture width and length, and explored how completion hole angle, fracturing fluid 
viscosity, and injection rate affect fracture propagation. The results indicated that Young's 
modulus influences fracture length and width, while the brittleness index also alters fracture 
morphology. Li et al. (2019) used extended finite element methods (XFEM) to establish a 
coupled flow-stress model, simulating fracture deflection behavior and experimentally 
validating the model's accuracy. The study found that lower stress differences, larger 
perforation angles, and deeper perforations lead to larger fracture deflection angles, and 
increasing injection rate and fluid viscosity significantly enhance fracture deflection. X. Zhou et 
al. (2024) studied the influencing factors of three-dimensional multi-cluster hydraulic 
fracturing, using finite element methods to simulate the effects of cluster spacing, Young's 
modulus, Poisson's ratio, and other parameters on fracture propagation. The results showed 
that larger cluster spacing reduces interaction between fractures, while more clusters increase 
mutual influence; an increase in Young's modulus leads to a decrease in fracture width and 
height but an increase in length. Liu et al. (2022) investigated hydraulic fracture propagation in 
natural fracture networks, using cohesive elements to simulate propagation and analyzing the 
influence of in-situ horizontal stress, rock tensile strength, and natural fracture cementing 
strength. The study concluded that when horizontal stress differences are small, hydraulic 
fractures tend to propagate along natural fractures, forming a more complex fracture network, 
but as the stress difference increases, fractures become more linear and the influence of natural 
fractures diminishes. Zhang et al. (2023) simulated fracture propagation under different 
fracturing schemes, finding that simultaneous and sequential fracturing increase stress 
interference between fractures, limiting fracture propagation, while zipper fracturing reduces 
stress interference and promotes fracture extension. Multi-cluster fracturing limits fracture 
propagation due to strong interference between fractures. Guipu et al. (2024) developed a fluid-
structure coupling model to simulate multi-fracture propagation, analyzing how perforation 
parameters (such as diameter, depth, density, and phase angle) affect fracture initiation 
pressure. The study found that higher perforation density significantly reduces initiation 
pressure, while increasing perforation diameter and depth further lowers initiation pressure. 
Additionally, horizontal stress difference, rock tensile strength, natural fracture dip, and 
complex fracture networks also significantly impact hydraulic fracture propagation(Chen et al., 
2025; Hu et al., 2025; Zhang et al., 2025). 
In this study, considering the influence of rock mechanical parameters (such as Young's 
modulus, Poisson's ratio, and brittleness index) and geological factors (such as horizontal stress 
difference) on fracture propagation morphology, numerical simulations will be conducted to 
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analyze the effects of these factors on fracture propagation path, width, length, and other 
aspects. Through systematic numerical simulations, this research aims to provide a theoretical 
basis for fracture design and parameter optimization in hydraulic fracturing operations, 
thereby helping to improve fracturing effectiveness and achieve more efficient oil and gas 
recovery. 

2. Methodology	

2.1. The	Fluid‐Solid	Coupling	Governing	Equations	in	the	Fracturing	Process	
The concept of effective stress was first introduced in the 1920s and has been applied in 
practical engineering studies, verifying its applicability. For porous media, when the pores are 
filled with fluid, the fluid applies a normal pressure on the rock framework, which is isotropic 
and referred to as pore pressure. In addition to the fluid pressure, the stress transmitted 
between the rock skeleton is defined as the effective stress 𝜎. When the boundaries of the 
porous media are subjected to external loads, the solid skeleton deforms, and effective stress is 
generated at the contact surface. According to Biot's law, the relationship between effective 
stress and total stress in saturated porous media is given as follows: 

 𝜎 ൌ 𝜎‾ ൅ δ𝛼𝑝௪ (1) 

In the above equation, 𝜎 is the total stress applied to the porous medium, 𝜎 ‾ is the effective 
stress acting on the porous medium , δ is the Kronecker constant. 𝛼 is the Biot effective stress 
coefficient, and 𝑝௪ is the pore pressure around the fractures. 
The equilibrium equation of the matrix in the hydraulic fracturing process is given by(Sigrist, 
2015): 

 නሺ𝜎‾ ൅ δ𝑝wሻδக
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where 𝛿ఌ is the virtual strain rate, 𝑎 is the surface force vector per unit area, 𝛿v is the virtual 
velocity field, 𝑑𝑉 is the unit volume, and 𝑑𝑆 represents the unit surface area on which the 
surface forces act. 
And the fluid flow satisfies the mass balance equation(Guo et al., 2017): 
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According to Darcy's law, the relationship between the flow velocity of the fracturing fluid in 
the pores and the pore pressure gradient is given by(Li & Ghosh, 2006): 
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where 𝑘 is the matrix permeability, and 𝑔 is the gravitational acceleration, 𝜌௪ represents the 
density of the injected fluid;𝜈௪ is the fluid seepage velocity;	𝜑 represents the dimensionless 
dynamic porosity of the reservoir. 

2.2. The	Viscoelastic	Damage	Element	Model	for	Crack	Propagation.	
The initiation of rock fracture is described using the viscoelastic band and traction-separation 
criterion. Prior to the initial damage, a linear elastic model with a diagonal stiffness matrix is 
used(Bastola & Chugh, 2015). 
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in the equation, 𝑡‾ is the stress vector applied to the Cohesive bonding element; 𝑡௡, 𝑡௦, and 𝑡௧ are 
the stresses in the normal direction (perpendicular to the surfaces of the Cohesive element), 
the first tangential direction, and the second tangential direction, respectively;	𝐾 is the elastic 
stiffness matrix of the Cohesive element. 
This study uses the maximum principal stress criterion to determine whether the cohesive 
element undergoes initial damage. Specifically, when the ratio of the stress value in any 
direction of the three-dimensional stress to its corresponding critical value exceeds 1, hydraulic 
fracturing begins. The formula is as follows(Bajpai & Singh, 2013): 

 max ቊ
⟨𝑡௡⟩

𝑡௡
଴ ,

𝑡௦

𝑡௦
଴ ,

𝑡௧

𝑡௧
଴ቋ ൌ 1 (6) 

after damage occurs, the damage evolution criterion based on the maximum fracture 
displacement is used to describe the degradation of material stiffness. The unit damage is 
determined by comparing and evaluating the effective displacement with the critical 
displacement value. 

 δ௠ ൌ ට⟨𝑡௡⟩ଶ ൅ 𝑡௦
ଶ ൅ 𝑡௧

ଶ (7) 

The fracture propagation process is described using the stiffness degradation of the viscoelastic 
elements, and its expression is given by(Zhu et al., 2015): 
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𝐷 represents the overall damage degree of the cohesive element, which increases linearly from 
0 to 1 after the initiation of element damage. The corresponding expression is given by(Turon 
et al., 2006): 
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here, 𝑡௡
଴, 𝑡௦

଴, and 𝑡௧
଴ represent the critical normal stress and the critical shear stresses in the two 

directions when the cohesive element fails. 𝑇௦ and 𝑇௡are the normal stress components before 
damage, and 𝑇௧  is the shear stress component before damage. 𝑑௠

୫ୟ୶  is the maximum 
displacement amplitude reached by the element during the loading process; 𝑑௠

௙  is the 
displacement amplitude when the element is fully damaged; 𝑑௠

଴  is the displacement amplitude 
when the element experiences initial damage. 

3. Model	Verification	

To validate the accuracy of the model, this study uses the analytical solution of the KGD 
model(Detournay, 2004) to verify the simulation results. This solution is used to describe the 
width and length of hydraulic fractures in impermeable media. Based on the symmetry of the 
KGD model, half of the model is selected for analysis. The model dimensions and boundary 
conditions are shown in the Fig 1 It is assumed that an incompressible Newtonian fluid is 
injected at a constant rate. Fig 2 compares the analytical solution with the numerical solution, 
and it can be seen that the analytical solution closely matches the numerical solution, indicating 
that the proposed model effectively simulates the hydraulic fracturing process. 
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Fig	1. Schematic of the verification model 

When setting the boundary conditions, the displacement in the X-direction is set to 0, the upper 
boundary displacement in the Y-direction is set to 0, and the lower boundary is set as a 
symmetric boundary. The magnitudes of the maximum and minimum horizontal stresses are 
equal. 

  

(a) Fracture width (b) Fracture length 

Fig	2.	Comparison of numerical solution and analytical solution. 

4. Nature	Fracture	Modeling	

Based on the finite element method, a two-dimensional fluid-structure coupling model was 
established to study the impact of pre-set natural fracture clusters with specified angles on 
hydraulic fracturing propagation. To simplify the model and accelerate the computation, a one-
sided fracture propagation path was designed, with the model size set to 50m × 50m. The 
matrix rock body uses two-dimensional four-node bilinear displacement-pore pressure 
elements (CPE4P), and the fracture propagation path employs six-node displacement-pore 
pressure cohesive elements (COH2D4P). To ensure the accuracy of the numerical simulation, 
the boundary conditions of the model were set as follows: displacement constraints in the X-
direction were applied to the left and right boundaries, while displacement constraints in the 
Y-direction were applied to the upper and lower boundaries, with constant pore pressure 
boundary conditions. To improve the convergence of the simulation process, the injection rate 
was linearly increased over 10 seconds, ensuring a smooth transition of pressure application 
and the stability of the simulation results. Fig 3 shows the generation process of the random 
fracture network, along with the model's dimensions and injection point location, and Table 1 
lists the basic input parameters of the model. 
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(a)Schematic of the model (b)Mesh discretization 

Fig	3.	Schematic of the two-dimensional geometric model. 

Table	1.	Model Parameters 
Parameters Value Parameters Value 

Young's modulus	ሺ𝐺𝑃𝑎ሻ 15 Porosity 0.1 
Poisson's ratio 0.25 Permeability ሺ𝑚𝐷ሻ 1 

Tensile strength of rock ሺ𝑀𝑃𝑎ሻ 6 Leak-off coefficient	𝑚/ሺ𝑃𝑎 ൉ 𝑠ሻ 1×10-14 
Minimum horizontal stress ሺ𝑀𝑃𝑎ሻ 30 Injection rate	ሺ𝑚ଶ/𝑠ሻ 0.001 
Maximum horizontal stress ሺ𝑀𝑃𝑎ሻ 40 Fluid viscosity	ሺ𝑃𝑎 ൉ 𝑠ሻ 0.001 

Vertical stress ሺ𝑀𝑃𝑎ሻ 25 Pore pressure ሺ𝑀𝑃𝑎ሻ 20 

 
In the simulation process, by analyzing the relationship between fracture width, length, and 
geological and engineering parameters (such as Young's modulus, Poisson's ratio, and 
brittleness index), the direction and morphology of fracture propagation can be tracked in real-
time. Fig 4 shows the fracture propagation path extracted from the simulation results. The 
fracture length and width data in the subsequent analysis are derived from this path. 

 
Fig	4. Extract the path. 

5. Simulation	Results	and	Discussion	

5.1. The	Effect	of	Young's	Modulus	
The Young's modulus (𝐸) of rocks is a key parameter characterizing their basic mechanical 
properties and an important basis for designing reservoir fracturing schemes. Its value reflects 
the ease with which rocks deform under external loads. In this study, we assume that the initial 
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fracture direction aligns with the direction of the maximum horizontal principal stress. Using 
the parameters shown in Table 1 as the basis for simulation, the effect of varying the Young's 
modulus (set to 15 𝐺𝑃𝑎, 20 𝐺𝑃𝑎,and 30 𝐺𝑃𝑎, respectively) on fracture morphology is analyzed. 

 

 

 

Fig	5. Relationship between fracture width and length under different Young's moduli. 
 
As shown in Fig 5, keeping the injection regime and boundary conditions unchanged and only 
varying the matrix's Young's modulus, show that the width distribution along the fracture 
length peaks at the center and is approximately symmetric around the fracture center. As 𝐸 
increases, the peak width decreases monotonically, and the effective fracture length increases 
monotonically. From the data, at 𝐸 ൌ  15 𝐺𝑃𝑎, the peak width is approximately 7.1 𝑚𝑚, at 𝐸 ൌ
 25 𝐺𝑃𝑎 it is about 6 𝑚𝑚 (a reduction of about 16% from the former), and at 𝐸 ൌ  35 𝐺𝑃𝑎 it is 
about 5 𝑚𝑚 (a further reduction of 17% from 25 𝐺𝑃𝑎, a total reduction of 30% from 15 𝐺𝑃𝑎). 
The corresponding effective fracture lengths increase from about 12 𝑚 to 17 𝑚 and 20 𝑚 (a 
total increase of 67% compared to 15 𝐺𝑃𝑎). This trend suggests that rocks with lower Young's 
modulus tend to form "short and wide" fractures, while those with higher Young's modulus 
tend to form "long and narrow" fractures. These results indicate that the fracture morphology 
is not only controlled by the Young's modulus but also reflects the influence of rock stiffness on 
the fracture propagation direction. Therefore, in hydraulic fracturing operations, considering 
the variations in rock stiffness, the size of proppant grains and sand carrying capacity should 
be optimized based on regions with different Young's moduli to ensure stable fracture 
propagation and maximize the fracture coverage. 

5.2. The	Effect	of	Poisson's	Ratio	
Poisson's ratio (𝑣), as a reference parameter for rock brittleness, is used to study and analyze 
the influence of Poisson's ratio on fracture morphology. Using the base data from Table 1, the 
Poisson's ratio in the reservoir is varied to values of 0.15, 0.25, and 0.35. 
In Fig 6, the relationship between fracture width and length under different Poisson's ratios is 
shown. The figure illustrates that as the Poisson's ratio increases, the fracture width remains 
relatively consistent and reaches its peak in the middle of the fracture length. This suggests that, 
under different Poisson's ratios, the fracture expansion pattern and distribution do not show 
significant differences. Specifically, when the Poisson's ratio is 0.15, the fracture width is 
slightly larger, especially at the two ends of the fracture. As the Poisson's ratio increases to 0.25 
and 0.35, the fracture width gradually decreases, and as the fracture length increases, the width 
becomes more stable, with the fracture expansion becoming more uniform. This may indicate 
that, at higher Poisson's ratios, the rock deforms more uniformly and elastically, enhancing the 
stability of the fracture and making it easier to maintain a more uniform fracture width. This 
trend also suggests that under high Poisson's ratio conditions, the fracture expansion is 
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smoother, the width variation between fractures is smaller, and the fracture shape tends to be 
more symmetric and uniform, which could be a positive factor for the controllability of 
hydraulic fracturing operations. 

 

 

 

Fig	6. The relationship between fracture width and length under different Poisson's ratios. 

5.3. The	Effect	of	Brittleness	Index	
The brittleness of rocks reflects their ability to resist large deformations under external loads 
before failure, indicating that they absorb less energy before breaking and do not undergo 
significant plastic deformation during this process. The brittleness index quantifies the brittle 
characteristics of rocks. Successful fracturing experiences in North American shale suggest that 
the higher the brittleness index, the better the shale's compressibility and the more effective 
the hydraulic fracturing. However, the methods for calculating the brittleness index of rocks in 
strata vary across different regions, leading to differences in the values obtained. Rickman et al. 
(2008)proposed that the brittleness index could be calculated by altering the rock's Young's 
modulus and Poisson's ratio. The brittleness index derived using this method was then applied 
in numerical simulations, with the specific parameters for calculating the brittleness index 
shown in Table 1. 

 

 

 

Fig	7.	The relationship between fracture width and length under different brittleness indices. 
 
According to the simulation results shown in Fig 7, the brittleness index, as a combined 
indicator of Young's modulus and Poisson's ratio, has a significant impact on the fracture width 
distribution in hydraulic fracturing. The figure illustrates the relationship between fracture 
width and length under different brittleness indices. As the brittleness index increases, the peak 
fracture width gradually decreases. Specifically, at a brittleness index of 15.57%, the fracture 
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width is relatively large, especially in the middle of the fracture; whereas at brittleness indices 
of 54.71% and 61.86%, the fracture width gradually narrows, and the fracture expansion 
becomes more uniform. From the figure, it can be seen that rocks with a high brittleness index 
tend to form narrower and longer fractures, while rocks with a low brittleness index tend to 
form wider and shorter fractures. This trend indicates that rocks with a higher brittleness index 
are more likely to generate long and narrow fractures in hydraulic fracturing, while rocks with 
a lower brittleness index tend to form wider and shorter fractures. Therefore, rocks with higher 
brittleness have a stronger hydraulic fracturing response, allowing for effective fracture 
propagation and improving the connectivity of the fracture network. This has important 
guiding significance for proppant selection, fracture design, and fracturing efficiency in 
hydraulic fracturing operations. 

5.4. The	Effect	of	Horizontal	Stress	Difference	
Horizontal stress difference is one of the key factors influencing fracture propagation. To 
investigate the effect of horizontal stress difference on fracture width, this study maintains the 
basic data as shown in Table 1, while varying the horizontal stress difference (∆𝑆), setting it to 
0 𝑀𝑃𝑎, 6 𝑀𝑃𝑎, and 14 𝑀𝑃𝑎, respectively. This variation helps to analyze the change patterns of 
fracture width under different horizontal stress difference conditions and their impact on 
hydraulic fracturing efficiency. By comparing fracture development under different stress 
difference conditions, the mechanism of stress difference influencing fracture extension path 
and width can be revealed, providing theoretical support for optimizing hydraulic fracturing 
design. 

 

 

 

Fig	8.	The relationship between fracture width and length under different horizontal stress 
differences 

 
As shown in the figure, with the increase of the horizontal stress difference (∆𝑆), both the 
fracture width and length undergo significant changes. When ∆𝑆 = 0 𝑀𝑃𝑎, the fracture width is 
at its maximum, about 0.007 𝑚, and the fracture length reaches approximately 18 𝑚, presenting 
a relatively uniform expansion pattern. As the horizontal stress difference increases to 6 𝑀𝑃𝑎, 
the fracture width decreases to about 0.0065 𝑚, a reduction of approximately 7.1% compared 
to ∆𝑆 ൌ  0 𝑀𝑃𝑎. The fracture expansion speed and pattern change, becoming more elongated, 
and the fracture length shortens to about 14 m, a reduction of about 22.2%. When the 
horizontal stress difference further increases to 12 𝑀𝑃𝑎, the fracture width decreases to about 
0.004 𝑚, a 42.9% reduction compared to ∆𝑆 ൌ  0 𝑀𝑃𝑎. The fracture length also shortens to 12 
𝑚, a 33.3% reduction. This indicates that a higher horizontal stress difference significantly 
inhibits the fracture expansion, reducing both the fracture width and length, and the fractures 
exhibit a more elongated shape. This trend suggests that a larger stress difference will limit 



Scientific	Journal	of	Technology																																																																																																																									Volume	7	Issue	9,	2025	

ISSN:	2688‐8645																								

78 

fracture expansion, hindering the formation of fracture networks. It highlights the importance 
of considering the impact of stress difference on fracture morphology in actual hydraulic 
fracturing operations. 

6. Conclusion	

1.As the Young's modulus increases, the fracture width gradually decreases, and the fracture 
length increases. Low Young's modulus regions are more likely to form "short and wide" 
fractures, while high Young's modulus regions tend to form "long and narrow" fractures. This 
indicates that higher Young's modulus results in more stable fracture propagation and makes 
the fracture morphology more uniform. 
2.The increase in Poisson's ratio leads to a decrease in fracture width, and the fracture 
propagation becomes more symmetrical. Lower Poisson's ratio makes fractures more likely to 
propagate and form wider fractures, while higher Poisson's ratio results in more uniform 
fracture propagation, and the fractures are narrower, indicating that rocks with higher 
Poisson's ratio have stronger deformation ability and higher fracture stability. 
3.The higher the brittleness index, the stronger the rock's brittleness. After hydraulic fracturing, 
the fracture width is smaller, and the fracture length increases. Simulation results show that as 
the brittleness index increases, the fracture propagation becomes more uniform and stable, 
suggesting that high brittleness rocks are more likely to form longer fractures during hydraulic 
fracturing. 
4.With the increase of horizontal stress difference, the fracture width gradually decreases, 
especially at the fracture front. When the horizontal stress difference reaches 6 MPa, the 
fracture propagation is significantly affected, and the fracture width may decrease by about 
30%. However, the effect of horizontal stress difference on fracture width is relatively limited, 
mainly reflected in the fracture propagation path and length. Under larger stress differences, 
the fracture length increases significantly, while the change in fracture width is relatively small. 
This indicates that horizontal stress difference has an important impact on the geometric 
morphology of fractures, especially in terms of fracture propagation direction and stability. 
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