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Fracture characterization of 
low-permeability oil reservoirs 
under hydrofracturing and 
fracturing-flooding processes 
under varying in-situ stress 
conditions
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China, 2Key Labortary of Conglomerate Reservoir Exploration and Development, cnpc, Karamay, 
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Enhancing the efficient development of these low-permeability and ultra-low-
permeability sandstone oil reservoirs is an important support for maintaining 
and increasing production in Xinjiang Oilfield. To explored the morphological 
characteristics of fractures created by fracturing-flooding, The true three-axis 
hydraulic fracturing and the equivalent hydraulic model in PFC2D were adopted. 
The result shows that with the increase of in situ stress, due to the capillary 
action, the corresponding flow rate for the fracture becomes lower. At the same 
time, the in situ stress inhibits the expansion of the fracture cracks. The distance 
that the cracks extend along the vertical principal stress direction gradually 
also decreases with the increase of in situ stress, while the area of micro-
damage around the fracturing holes gradually increases. During the fracturing-
flooding process, acoustic emissions will be generated, combined with the 
CT scan results, it can be obtained that fracturing-flooding will cause micro-
damage around the fracture hole. And, the in situ stress magnitudes will also be 
conducive to the formation of micro-damage around the fracture holes.

KEYWORDS

low-permeability sandstone, fracturing-flooding, equivalent hydraulic model, fractures,
in situ stress, numerical simulation 

 1 Introduction

The low-permeability and ultra-low-permeability sandstone oil reservoirs in Xinjiang 
Oilfield have a large recoverable reserves, but a low production rate. Enhancing 
the efficient exploration of low-permeability and ultra-low-permeability sandstone oil 
reservoirs serves as a critical foundation for sustaining and increasing oil production 
in the Xinjiang Oilfield. The fracturing⁃flooding technique injects water into the oil 
reservoir at a high flow rate or near fracture pressure through hydraulic fracturing 
equipment or fracturing⁃flooding pumps. This creates a short and wide network of 
micro-cracks, enhancing the permeability of reservoir and replenishing the energy
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FIGURE 1
Schematic diagram of the mechanism of pressure drive, (a) distribution of pore pressure, (b) distribution characteristics of microcracks near 
the wellbore.

of reservoir. It has the functions of energy replenishment + 
seepage absorption + flooding + fracturing (as shown in Figure 1) 
(He et al., 2023). From the function of fracturing⁃flooding, it can 
be seen that the formation of wide and short fractures around 
the well is the main mechanism by which fracturing⁃flooding 
achieves the effect of increasing production. In recent years, 
fracturing-flooding technology has achieved a series of successful 
practices in the development of low-permeability oil reservoirs 
(Cai et al., 2023; Guo et al., 2022). However, the morphological 
characteristics of fractures created by fracturing-flooding are not 
well understood. Therefore, scholars have conducted extensive 
research on the distribution of fracture during the fracturing-
flooding process.

Compared with conventional hydraulic fracturing, 
fracturing⁃flooding injection has a greater impact on the pore 
pressure field of the reservoir, and the influence of fluid-solid coupling 
during the crack initiation and expansion process is more significant 
(Zhou et al., 2017). However, most of the experts just focused on 
the hydraulic fracturing process. Fan and Zhang (2014) based on the 
experiments to study the influence of injection rate and fluid viscosity 
on the morphology of hydraulic fractures and the hydraulic pressure, 
it was shown that as the injection rate and fluid viscosity increased, 
the complexity of the hydraulic fractures decreased, and straight 
single fractures were formed. Fu et al. (2024) established a large-
scale hydraulic fracturing technology that quantitatively relates to the 
cementation performance of natural fractures. They identified three 
simple modes regarding interactions between hydraulic fractures 
and natural fractures: namely, natural fracture opening, shearing, 
and crossing. Jiang et al. (2025) investigated the stress shadow effect 
in multi-hole hydraulic fracture propagation with varying borehole 
spacing while examining interactions among hydraulic fractures. Their 
results indicated a significant stress shadow effect during multiple 
fracture propagation phases, which notably influenced the path taken 
by these propagating fractures. Tan et al. (2023) performed true triaxial 
hydraulic fracturing experiments to simulate both hydraulic fracture 
propagation and penetration behavior. They studied how factors such 
as in situ stress conditions, injection rate variations, presence of natural 

fractures, and well type impact fracture growth dynamics. However, the 
crack evolution characteristics of fracturing⁃flooding and hydraulic 
fracturing are significantly different. Zhang et al. (2022) conducted 
a fracturing⁃flooding experiment to study the influencing factors of 
the fracture pressure. The results showed that the greater the injection 
rate, the greater the fracture pressure of the rock specimen. As the rock 
permeability increases, the fracture pressure decreases exponentially. 
As the confining pressure increases, the fracture pressure increases 
linearly. Sun et al. (2024) conducted five sets of experiments 
on fracturing-flooding and hydraulic fracturing utilizing natural 
sandstone within a true triaxial hydraulic fracturing platform. They 
examined the influence of injection rate on both the pressure during 
the fracturing-flooding process and the morphology of fractures, 
as well as analyzed how different injection methods affect fracture 
morphology. The findings revealed that during the fracturing-flooding 
process, there were distinct initiation pressure and rupture pressure 
observed. The development of fractures was characterized by three 
stages: elastic deformation, micro-fracturing, and unstable rupture. 

Due to its economic efficiency and repeatability, numerical 
simulation has garnered significant attention from scholars in 
recent years (Lyu et al., 2023; Wang et al., 2023). Through 
numerical simulation methods, the expansion characteristics of 
hydraulic fracturing can be observed comprehensively and vividly, 
thereby facilitating the exploration of fracture mechanisms. The 
finite element method is widely used in simulating the fracturing 
process due to its high computational efficiency. Sarmadi et al. 
(2023) employed phase-field theory within the framework of 
finite element methods to analyze toughness-dominated hydraulic 
fracture propagation in layered heterogeneous rocks. Song et al. 
(2023). Established a fractured reservoir model utilizing ABAQUS 
to investigate the influence of crack deformation parameters on 
hydraulic fracturing. The study revealed that the initiation pressure 
of hydraulic fractures increases with factors such as horizontal stress 
difference, crack bonding strength, injection rate, and fracturing 
fluid viscosity; conversely, it decreases with increasing normal and 
shear stiffness of cracks. Zhou et al. (Zhou et al., 2025) developed 
a coupled thermal-hydraulic-mechanical-fatigue damage model for 
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fracture propagation during soft hydraulic fracturing in hot dry 
rock, taking into account thermos-poroelastic effects within the 
rock, the constitutive relationship governing fatigue deterioration 
under cyclic loading, elastic-brittle failure criteria, and wellbore 
stress superposition effects. Li et al. (2025) constructed a series 
of large-scale three-dimensional numerical models using ABAQUS 
finite element software to analyze the distribution of induced 
stresses resulting from both hydraulic fractures and bedding 
fractures. Wang X. et al. (2024) established a dual medium model 
that accounts for anisotropic characteristics and designed multiple 
sets of conventional water injection transitions alongside multi-
cycle fracturing-flooding operations. The results demonstrated that 
accumulated oil production from multi-cycle fracturing-flooding 
exceeds that achieved through conventional water injection.

Discrete element method has received extensive attention in 
recent years because it can simulate the crack propagation process 
well. Yin et al. (2023) utilized a fluid–solid coupling model in 
PFC2D to establish a discrete element method (DEM) model for 
hydraulic fracturing in shale reservoirs. Their findings indicated that 
coalescence of interbedding fractures is the primary factor affecting 
the formation of a fracture network within the vertical section of 
shale reservoirs. Wu et al. (2023) developed four distinct simulation 
models by integrating combined finite discrete element methods 
with various discrete fracture networks (DFNs). Their study revealed 
that conventional DFN approaches may underestimate bending 
propagation characteristics and fracturing time while overestimating 
tensile failure proportions when applied to relatively homogeneous and 
heterogeneous models. Wang et al. (Wang YW. et al., 2024) simplified 
layered reservoirs to a transversely isotropic medium and created a 
model aimed at accurately estimating borehole deformation while 
examining various factors affecting borehole deformation, fracture 
initiation pressure, and initiation angle. Li et al. (Li et al., 2022) 
developed a discrete fracture network model for a shale reservoir 
located in the southeastern Ordos basin. The findings revealed that 
preexisting discontinuities significantly influence fracture complexity; 
they often act as barriers to fracture growth, resulting in reduced 
fracture area and elevated fluid pressure during fracture extension. 
Shi et al. (Shi et al., 2024) investigated the stress induced by 
natural fractures under both open and closed states, examining the 
interactions among open and closed natural fractures, reservoirs, 
hydraulic fractures, and the corresponding evolution of fracture 
properties. Zhao et al. (Zhao et al., 2025) simulated the real-time 
dynamic expansion process of micro-level fractures during hydraulic 
fracturing, integrating this with numerical simulations of well 
pressure dynamics to optimize hydraulic flooding parameters. Their 
results indicated that higher displacement correlates with increased 
pressure near the bottom of the well; however, there was minimal 
variation in spreading area. 

Previous research has sufficiently addressed hydraulic 
fracturing. However, the emerging technology of fracturing-
flooding still presents numerous challenges (Cao et al., 2024). 
Therefore, this paper first conducts experiments to investigate 
the fracture characteristics of specimens subjected to both 
hydrofracturing and fracturing-flooding processes. Subsequently, 
numerical simulation methods are employed to analyze crack 
distribution characteristics and examine the mechanisms of fracture 
generation from a mesoscopic perspective. 

2 Experimental design and modeling 
produce

2.1 Specimen preparation

Natural sandstone with a side length of 100 mm was selected 
as the experimental specimen. Its porosity is measured at 
9.34%, categorizing it as low-porosity sandstone. Additionally, 
the permeability of this sandstone is relatively low, recorded at 
5.04 mD. The relaxation time (T2) is directly proportional to 
the pore radius; thus, the distribution characteristics of cracks 
can be analyzed through the amplitude corresponding to the 
relaxation time. As illustrated in Figure 2a, it is evident that the 
pores within the rock core are predominantly micro-pores. The 
relaxation curve exhibits a single peak, with maximum signal 
intensity occurring around a relaxation time of 10.72 m. Through 
triaxial compression experiments, we obtained stress-strain curves 
(as shown in Figure 2b), from which strength and deformation 
parameters were derived. The uniaxial compressive strength was 
determined to be 29.73 MPa, with cohesion at 13.27 MPa and an 
internal friction angle of 32.48°. The elastic modulus was calculated 
to be 12.1 GPa, while Poisson’s ratio was found to be 0.24. A 
fracturing hole measuring 50 mm in length and having a radius 
of 9 mm was established parallel to σV direction (see Figures 2c,d). 
Subsequently, a fracturing pipe was inserted into this hole and sealed 
using AB glue (refer to Figure 2e).

2.2 Testing system

Experiments were conducted using the self-developed true 
triaxial hydraulic fracturing equipment by Xinjiang University. This 
equipment can carry out true triaxial fracturing experiments of 
different media (water, gas, supercritical CO2) under real-time high-
temperature conditions. It contained oil pump, controller, loading 
platform and pore pressure loading module, as shown in Figure 3. 
The maximum gas pressure can reach 80 MPa, and the water 
pressure is 120 MPa. The simulated formation pressure can be 
100 MPa with an accuracy of 0.1 MPa. A 16-channel acoustic 
emission monitoring instrument is equipped, allowing for three-
dimensional acoustic emission positioning. The rock specimens can 
be designed in various sizes such as 100 × 100 × 100 mm, 150 × 
150 × 150 mm, and 150 × 150 × 300 mm. During the experiment, 
acoustic emission is monitored simultaneously to monitor the 
fracture process of the specimen.

The X-ray tube generates electrons through heating by the 
cathode, which are then accelerated by the high-voltage electric field 
and collide with the anode target material to produce X-rays. When 
the X-ray beam is directed in a fan-shaped or narrow beam form at 
an object, due to the different degrees of absorption of the rays by 
different substances, the intensity of the penetrated X-rays received 
by the detector array can be converted into an electrical signal and 
digitized to obtain the distribution characteristics of the fractures 
within the rock mass. This time, the X5000-X-ray CT system from 
the North Star Imaging Company was used, as shown in Figure 4. 
This equipment can scan components with a maximum size of 
81 cm × 121 cm. The system adopts a dual X-ray tube configuration 
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FIGURE 2
Specimen preparing for fracturing. (a)T2 relaxation time of sandstone. (b) Stress-strain curve. (c) Dimension of specimen. (d) Inserted the fracturing 
pipe. (e) Inserted the fracturing pipe.

FIGURE 3
True three-axis hydraulic fracturing equipment.
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FIGURE 4
CT scanning equipment (CT scanning equipment).

(including a 225 kV microfocus and a 450 kV small focus X-
ray source) and a dual DDA (plasma detector)/LDA (linear array 
detector) detector configuration.

2.3 Fracture testing procedure

Before conducting the fracturing test, a triaxial stress loading 
was carried out first. The triaxial stresses were set as σV = 95 MPa, 
σH = 80 MPa, σh = 50 MPa and σV = 45 MPa, σH = 40 MPa, 
σh = 25 MPa. To obtain the initiation and fracture pressure, 
different injection rates for fracturing are adopted after the triaxial 
stress is loaded to the set value. The injection rates are set at 
1.0 mL/min, 2 mL/min, 4 mL/min, 6 mL/min and 8 mL/min. Each 
level maintains a stable pressure until the final fracture occurs. Based 
on the change of hydraulic pressure over time, the initiation pressure 
and fracture pressure are obtained. During the experiment, acoustic 
emission events are monitored simultaneously. After obtained 
the initiation and fracture pressure, start the fracturing⁃flooding 
experiment. Inject water at a constant flow rate. When the pressure 
reaches the initiation pressure, stop the injection. When the pressure 
drops to 60% of the fracture pressure, then restart the injection. This 
process is repeated for five cycles. 

2.4 Equivalent hydraulic model in PFC2D

To streamline the calculation process, an equivalent fracturing 
method is employed in PFC2D to simulate the fracturing dynamics. 
Upon initiating the fracturing process, an equivalent radial force is 
applied around the fracture holes, with its magnitude determined 
by multiplying the water pressure by the particle diameter, as 
described in Equation 1 and illustrated in Figure 5a. Following 
hydraulic crack propagation, the hydraulic pressure generated on 
newly formed crack surfaces further accelerates this propagation. 
Zhang et al. (2020) introduced a novel approach for applying 
equivalent hydraulic pressure on crack surfaces. In their model, 
hydraulic pressure is administered through adaptive discrimination 
and real-time tracking of newly created crack surfaces, under 
the assumption that consistent hydraulic pressure exists across all 
particles; thus, the force direction is represented as a vector from 
the crack center to each particle center. To monitor fluid pressure 

exerted on new crack surfaces (comprising two particles), a pair of 
equal and opposite pressure vectors Pw is applied to these fractured 
particles. Furthermore, Pw can be expressed as shown in Equation 2:

fn = P∗Dn (1)

Pw = P∗c∗(δ‐γ)/δ (2)

Where fn is the force applied on the particle numbered n, P is the 
hydraulic pressure, Dn is the diameter of the particle numbered n, 
Pw is the pressure on the hydraulic crack, δ is the maximum distance 
between the center of the fracturing hole and boundary of specimen, 
γ is the distance between hydraulic crack and the center of the 
fracturing hole, c is an undetermined coefficient, there defined as 1.0.

In the simulation of the fracturing process, a cubic specimen 
with dimensions of 500 mm × 500 mm is first established. 
Subsequently, wall elements are used at the boundaries of the model 
to apply in situ stress, as shown in Figure 5b. 

3 Experimental result

3.1 Evolution of hydraulic pressure

Figure 6a illustrates the evolution characteristics of hydraulic 
pressure and acoustic emission events during the hydraulic testing 
of sandstone specimen 1# when σV = 90MPa, σH = 80MPa, σh
= 50 MPa. It is observed that when the flow rate is less than 
2 mL/min, the hydraulic pressure initially increases with an increase 
in flow rate, and the rate of increase continues to rise as the flow 
rate escalates. Subsequently, a stable stage is reached, primarily 
attributed to diffusion effects. The increase in pressure enhances 
these diffusion effects. When equilibrium between flow rate and 
diffusion rate is achieved, the pressure stabilizes. However, at a 
flow rate of 4 mL/min, there is a rapid rise in pressure. At this 
elevated flow rate, equilibrium cannot be attained with respect to 
diffusion effects, leading to specimen fracturing. Analysis of acoustic 
emission events reveals that there are virtually no occurrences in 
the early stages. However, once the flow rate reaches 4 mL/min 
and hydraulic pressure attains 43.5 MPa, some acoustic emission 
events are detected. This indicates that stress has reached its 
cracking initiation threshold at this point. Following an increase in 
pressure to 46.9 MPa, a rapid decline occurs alongside significant 
acoustic emission activity—this suggests that stress has now 
reached fracture pressure. Figure 6b presents the hydraulic pressure 
curve for sandstone specimen 2# during its fracturing process. A 
comparison with Figure 6a shows similar variation characteristics 
between both sandstones. The initial cracking pressure for sandstone 
specimen two# is recorded at 46.65 MPa while its fracture pressure 
stands at 48.31 MPa—values closely resembling those observed for 
sandstone specimen 1#. This similarity indicates good homogeneity 
within both specimens.

To investigate the impact of in situ stress values on the fracturing 
characteristics of specimens, a variable injection rate fracturing 
experiment was designed under low in situ stress conditions, 
building upon previous experiments. In this scenario, the in situ
stress was set to half of the previously mentioned value, with the 
stresses measured in three directions as follows: σV = 47.5 MPa, 
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FIGURE 5
Force diagram of hydraulic fracturing. (a) Before fracturing. (b) After fracturing.

FIGURE 6
Evolution characteristics of hydraulic pressure and acoustic emission events during hydraulic processes (σV = 90MPa, σH = 80MPa, σh = 50 MPa). (a)
Sandstone 1#. (b) Sandstone 2#.

σH = 40 MPa, and σh = 25 MPa. The experimental results are 
presented in Figure 7a. Comparing these findings with those shown 
in Figure 6a reveals that under low in situ stress conditions, hydraulic 
pressure exhibits a stepwise increase corresponding to an increase in 
flow rate. Notably, the maximum flow rate observed is 6 mL/min, 
which exceeds that recorded under high in situ stress conditions. 
The elevation of in situ stress leads to the closure of certain flow 
channels to some extent, thereby reducing specimen permeability. 
Under identical flow rate conditions, hydraulic pressure within 
the specimen rises more rapidly; consequently, this makes the 
specimen more susceptible to fracture and results in a decrease of 
the corresponding flow rate when subjected to high in situ stress. 
Acoustic emission events indicate that a significant number will 
occur once hydraulic pressure reaches 26.3 MPa—this threshold 

represents the initiation pressure for fracturing. Afterward, as the 
fracturing pressure increases to 34.5 MPa, the hydraulic pressure 
experiences a rapid decline, while the corresponding number 
of acoustic emission events rises significantly. This observation 
indicates that a substantial fracturing crack has formed. In 
comparison to the acoustic emission events observed under high in 
situ stress conditions, there is a markedly higher number of acoustic 
emission events during failure under low in situ stress conditions. 
This suggests that fractures develop more intensely under low in 
situ stress conditions and that the resulting fracturing cracks are 
more pronounced. Simultaneously, we compared the differences 
in the fracturing process under identical stress conditions, as 
illustrated in Figure 7b. It is evident that the hydraulic pressures 
for both cases increase incrementally with rising injection rates. 

Frontiers in Earth Science 06 frontiersin.org

https://doi.org/10.3389/feart.2025.1701732
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Li et al. 10.3389/feart.2025.1701732

FIGURE 7
Evolution characteristics of hydraulic pressure and acoustic emission events during hydraulic processes (σV = 45MPa, σH = 40MPa, σh = 25 MPa). (a)
Sandstone 3#. (b) Sandstone 4#.

Furthermore, for sandstone specimen 4#, the initiation and fracture 
pressures are recorded at 34.5 MPa and 36.93 MPa respectively; 
notably, this difference is minimal.

It can be seen from Figures 6, 7 that although the two specimens are 
under the same in situ stress, the corresponding flow rates at the time 
of their rupture are different. This is mainly due to the heterogeneity of 
the specimens. The porosity of the specimens is in a cubic relationship 
with the flow rate, and the change in porosity has a significant impact 
on permeability, which leads to the different flow rates at the time 
of rupture for different specimens. However, the rupture pressure is 
linearly related to the in situ stress and the tensile strength of the 
specimens so the rupture pressures of the two are similar. 

Figure 8a illustrates the evolution characteristics of hydraulic 
pressure and acoustic emissions during the fracturing-flooding 
processes under triaxial stress conditions of σV = 90 MPa, σH
= 80 MPa, and σh = 50 MPa. It is observed that the hydraulic 
pressure initially increases slowly, followed by a linear rise; as it 
approaches the set value of 35 MPa, the increase slows once more. 
Upon cessation of injection, there is a rapid decline in hydraulic 
pressure. When it reaches the set value of 27 MPa, injection 
is resumed, resulting in a rapid increase in hydraulic pressure 
at this stage. This fracturing-flooding process is repeated five 
times while simultaneously recording acoustic emission evolution 
characteristics. Analysis of these characteristics reveals that during 
the initial injection phase, there are almost no recorded acoustic 
emissions. In contrast, during the first cycle of fracturing-flooding, 
only a limited number of acoustic emissions are detected. However, 
with an increasing number of cycles in the fracturing-flooding 
process, there is also an observable rise in acoustic emission events. 
This trend suggests that cyclic injections may induce damage within 
the specimen; such damage becomes increasingly pronounced 
with each successive cycle. Notably, micro-crack damage zones 
around fracture holes may develop at this juncture. Figure 8b 

presents similar data regarding hydraulic pressure and acoustic 
emission evolution characteristics obtained from triaxial stress tests 
conducted under conditions where σV = 45 MPa, σH = 40 MPa, and 
σh = 25 MPa. It can be noted that fluctuations in hydraulic pressure 
correspond to detectable levels of acoustic emission events.

3.2 Crack distribution characteristic

Figure 9 illustrates the three-dimensional CT morphology of the 
specimens following fracturing along different paths. It is evident 
that no cracks or defects are present in the intact specimen. Under 
high in situ stress conditions, damage occurs at the edges of the 
specimen surrounding the loading plate, resulting in a distinct 
fracture on one side of the specimen. Conversely, under low in 
situ stress conditions, a fracture also emerges; however, its size is 
significantly larger compared to that observed under high in situ
stress conditions. This observation aligns with previous acoustic 
emission data and further corroborates that elevated stress levels 
can inhibit the intensity of crack propagation to some extent. 
Notably, under fracturing-flooding effects, no discernible cracks 
were detected within the specimen.

To investigate the distribution of fracture cracks within the 
specimens under various fracturing paths more clearly, each 
specimen was sectioned at intervals of 10 mm, with the resulting 
sections illustrated in Figure 10. The red dots represent the low-
density areas, which can make the cracks in the specimen more 
obvious. As shown in Figure 10a, the pixel gray values remain 
relatively constant throughout the intact specimen, indicating that 
it is close to a uniform mean value overall. However, certain areas 
exhibit brighter scattered points due to a higher density of quartz 
particles present within the specimen. In contrast, under high-stress 
conditions (Figure 10b), a distinct fracture is evident in the section. 
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FIGURE 8
Evolution characteristics of hydraulic pressure and acoustic emission events during fracturing⁃flooding processes (σV = 90MPa, σH = 80MPa, σh = 
50 MPa). (a) σ V = 90MPa, σ H = 80MPa, σ h = 50 MPa. (b) σ V = 50MPa, σ H = 40MPa, σ h = 25 MPa.

FIGURE 9
The three-dimensional CT morphology of the specimen after fracturing under different fracturing paths. (a) Intact specimen. (b) High in situstress. (c)
Low in situstress. (d) fracturingandhybull;flooding.

Observing the section at L = 50 mm reveals that this fracture initiates 
from the lower end of the fracturing hole and extends toward 
the boundary of the specimen. As one examines deeper sections 
where depth increases and fracture width gradually decreases, it 
becomes apparent that crack propagation exhibits non-uniform 
characteristics.

In the low in situ stress state (Figure 10c), a distinct vertical 
fracture is observed, extending along the direction of the fracturing 
hole and penetrating through the entire specimen. This fracture 
exhibits uniform expansion, with its width gradually decreasing 
as the depth of the section increases. Under fracturing-flooding 
conditions (Figure 9d), within a length of L = 30mm, the specimen 
resembles an intact specimen, showing no significant differences 
in pixel brightness throughout the specimen, which indicates good 
homogeneity. Between L = 40 mm and L = 60mm, certain spots emerge 
on the section; these spots are primarily concentrated around the 
fracturing hole, suggesting that changes have occurred in the pore 
structure and that pores have increased in specific areas. Similarly, 
beyond L = 70mm, this section appears similar to that of an intact 

specimen, indicating no damage has occurred at this location. When 
combined with acoustic emission evolution characteristics during the 
fracturing-flooding process, these observations further confirm that 
micro-damage develops around fracturing holes during this process. 

4 Numerical simulation result

4.1 Verification of micro-parameters

In the numerical simulations pertaining to rock mechanics 
conducted in PFC2D, it is important to note that no constitutive 
relations or relevant elastic-plastic mechanical parameters 
associated with rock materials are incorporated. Consequently, the 
mechanical parameters derived from laboratory tests cannot be 
directly applied as microscopic parameters for simulation purposes. 
Currently, numerous studies have undertaken comprehensive 
investigations into various microscopic parameters within PFC, 
analyzing their influence on macroscopic mechanical behavior 
and conducting detailed sensitivity analyses of these microscopic 
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FIGURE 10
(Continued).

parameters in rock models. These investigations have elucidated 
the impact of microscopic parameters in the PFC model on the 
macroscopic mechanical properties of test specimens (Tian et al., 
2024). Therefore, building upon previous research findings, the 
microscopic parameters of rock specimens were calibrated using a 
“trial-and-error method” (Wu JY. et al., 2025; Wu J. et al., 2025). The 
specific parameter values are presented in Table 1.

Figure 11 presents a comparison between the numerical 
simulation and experimental results of the natural sandstone triaxial 

compression stress-strain curves. It is evident that confining pressure 
significantly influences the characteristics of these stress-strain 
curves. Under uniaxial compression conditions, the specimens exhibit 
brittle failure after reaching peak strength; however, as confining 
pressure increases, pronounced stress fluctuations occur near the 
peak, indicating notable plastic behavior. This plasticity becomes 
increasingly apparent with higher confining pressures. The numerical 
simulation results effectively capture this phenomenon. Moreover, 
it is observed that the peak strength of the specimens shows a 
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FIGURE 10
(Continued). The effect of CT sectioning of specimens after fracturing under different fracturing paths. (a) Intact specimen. (b) High in situstress. (c)
Low in situstress. (d) fracturingandhybull;flooding.

marked increasing trend with rising confining pressure, which is 
also well-represented in the numerical simulations. In contrast, 
experimental findings indicate that while the elastic modulus of 
specimens increases with elevated confining pressure, this parameter 
remains nearly constant in numerical simulations despite similar 
increases in confining pressure. This discrepancy arises because during 
the process of generating numerical specimens, they are already 
compacted and do not undergo further compaction when subjected 
to additional confining pressures; consequently, their elastic modulus 
remains relatively unchanged. 

Figure 12 illustrates the comparison between numerical 
simulations and experimental results regarding the evolution 
characteristics of hydraulic pressure. The hydraulic pressure 
exhibits a non-linear increase over time, followed by a rapid 
decline after reaching peak stress, as depicted in Figure 12a. 

The evolution of hydraulic pressure obtained through numerical 
simulation closely resembles that derived from experimental 
data, as shown in Figure 12b. Notably, the hydraulic pressure 
increases almost linearly with time before experiencing a swift 
drop post-peak stress; this behavior can be attributed to the fact 
that the numerical algorithm does not account for capillary effects. 
During the initial pressurization stage, no cracks were observed; 
however, there was a subsequent non-linear increase in hydraulic 
pressure, indicating that the numerical simulation method is more 
effective for monitoring crack evolution processes. In the numerical 
simulation results, microcracks also start to increase only after 
the hydraulic pressure reaches a certain value. However, acoustic 
emission, due to the need to filter out noise, cannot effectively 
monitor when there are few cracks. It can only effectively monitor 
when cracks suddenly increase.
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TABLE 1  Micro-parameters for PFC2D of sandstone.

Parameter Value Parameter Value

Minimum radius Rmin (mm) 0.4 Effective modulus pb_emod (GPa) 6

Maximum radius Rmax (mm) 0.65 Normal-to-shear stiffness ratio pb_krat 1.6

Density ρ(Kg/m3) 2,500 Tensile strength pb_ten (MPa) 7

friction coefficient pb_fric 0.5 Cohesion pb_coh (MPa) 15

Radius multiplier 1.0 Loading rate (m/s) 0.05

FIGURE 11
Comparison of numerical simulation and experimental results of stress-strain curves of natural sandstone. (a) Experimental result. (b) Numerical result.

FIGURE 12
Comparison of numerical simulation and experimental results of evolution characteristics of hydraulic pressure. (a) Experimental result. (b)
Numerical result.

Figure 13 illustrates the comparison between numerical 
simulations and experimental results regarding the characteristics 
of fracture distribution under hydraulic fracturing. It is evident 
that hydraulic fractures propagate along the direction of vertical 
principal stress while extending perpendicularly to the minimum 
horizontal principal stress. In addition to the fracturing cracks 
that extend in alignment with the vertical principal stress, 

micro-damage resulting from the fracturing process can also be 
observed around the fracture holes, as depicted in Figures 13a,b. 
The numerical simulation results further confirm that hydraulic 
fractures predominantly extend in a direction perpendicular 
to the principal stress, with numerous instances of micro-
damage surrounding the fracture holes, as shown in Figure 13c. 
When combined with Figure 12, it becomes apparent that 
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FIGURE 13
Comparison of numerical simulation and experimental results of fracture distribution characteristics. (a) CT slice. (b) CT three-dimensional 
reconstruction. (c) Numerical result.

this numerical algorithm effectively simulates the fracturing
process.

4.2 Fracture characteristics of sandstone 
under hydraulic fracturing

To investigate the influence of in situ stress magnitude 
on fracture propagation characteristics, Figure 14 illustrates the 
evolution of hydraulic pressure and the number of cracks during 
the fracturing process under varying in situ stress magnitudes. 
It is observed that hydraulic pressure continuously increases as 
loading progresses, followed by a decrease to a certain extent after 
reaching a specific level. During the fracturing process, the number 
of fractures begins to increase gradually once hydraulic pressure 
attains a particular threshold, with a rapid escalation occurring 
as it approaches its peak value. Subsequently, when hydraulic 
pressure decreases and reaches equilibrium, the rate of increase in 
crack numbers significantly diminishes. As in situ stress increases, 
both overall hydraulic pressure and crack numbers exhibit an 
upward trend.

Figure 15 illustrates the crack patterns resulting from hydraulic 
fracturing under varying in situ stress magnitudes. Generally, the 
magnitude of in situ stress significantly influences the expansion 
pattern of fractures. When σV = 20 MPa and σh = 12.5 MPa, 
the crack distribution is relatively straightforward, characterized by 
tensile cracks that extend along the direction of vertical principal 
stress. However, additional cracks may also form around the fracture 
holes. The length of these fractures about 224.5 mm, while the 
width of cracks surrounding the fracture holes is recorded at 
28.7 mm. In contrast, when σV = 40 MPa and σh = 25 MPa, there is 
minimal change in fracture length—approximately 228.5 mm—yet 
an increase in width around the fracture holes to 33.7 mm is 
observed. As we further increase to σV = 60 MPa and σh = 37.5 MPa, 
a slight reduction in crack length occurs to approximately 147.3 mm; 
concurrently, the width expands to reach 43.4 mm. Finally, with 
conditions set at σV = 80 MPa and σh = 50 MPa, we observe a further 
decrease in crack length to about 170.7 mm alongside an increase in 

width to approximately 47.1 mm. Through this analysis, it becomes 
evident that maintaining a constant ratio between maximum and 
minimum stress magnitudes while increasing their absolute values 
promotes the formation of an elliptical fracture network.

4.3 Fracture characteristics of sandstone 
under fracturing⁃flooding

Figure 16 illustrates the evolution of hydraulic pressure and 
the number of cracks during the fracturing-flooding process under 
varying in situ stress magnitudes. It is evident that fracturing-
flooding significantly influences the development of crack numbers. 
At lower levels of hydraulic pressure, the number of cracks remains 
nearly zero. As hydraulic pressure increases, there is a corresponding 
rise in the number of cracks observed. When hydraulic pressure 
reaches higher levels, the increase in crack numbers becomes rapid. 
Overall, as the fracturing-flooding process progresses, the number 
of cracks exhibits a stepwise increase pattern. Furthermore, with 
an increasing number of cycles, this increment in crack numbers 
becomes increasingly pronounced.

The magnitude of in situ stress significantly influences the 
evolution of crack formation during the fracturing-flooding process. 
As the magnitudes of in situ stress increase, there is a general 
trend toward an increase in the number of cracks. Concurrently, 
the characteristic stepwise increase in fracture numbers at elevated 
in situ pressure levels becomes progressively less pronounced. This 
phenomenon can be attributed to the fact that as the value of in situ
stress continues to rise, so too does the hydraulic pressure require 
for rupture within the formation. Furthermore, this escalation in 
hydraulic pressure may lead to some degree of damage within the 
formation itself, resulting in micro-damage prior to reaching higher 
hydraulic pressure levels and consequently initiating an increase in 
crack numbers.

Figure 17 illustrates the crack patterns resulting from 
fracturing-flooding under varying in situ stress magnitudes. A 
comparison with Figure 15 reveals that the fracturing-flooding 
primarily expands the damage area surrounding the fracturing 
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FIGURE 14
Evolution of hydraulic pressure pressure and crack number under different stress under hydraulic fracturing. (a) σV = 20MPa, σh = 12.5 MPa. (b) σV = 
40MPa, σh = 25 MPa. (c) σV = 60MPa, σh = 37.5 MPa. (d) σV = 80MPa, σh = 50MPa.

FIGURE 15
The crack patterns of hydraulic fracturing under different in situstress. (a) σV = 20MPa, σh = 12.5 MPa. (b) σV = 40MPa, σh = 25 MPa. (c) σV = 60MPa, σh = 
37.5 MPa. (d) σV = 80MPa, σh = 50 MPa.

holes. When σV = 20 MPa and σh = 12.5 MPa, the length of the 
fracturing crack measures 246.4 mm, while the width of the damage 
zone around the fracturing hole is recorded at 49.6 mm. In contrast, 
when σV = 40 MPa and σh = 25 MPa, these measurements increase 
to a crack length of 273.2 mm and a damage zone width of 78.72 mm. 
At higher stress levels, specifically when σV = 60 MPa and σh = 
37.5 MPa, the length of the fracturing crack decreases slightly to 

236.1 mm; however, this is accompanied by an increase in damage 
zone width to 84.12 mm. Finally, at maximum tested values where 
σV = 80 MPa and σh = 50 MPa, we observe a significant increase 
in both parameters: a fracture length of approximately 410.19 mm 
and a damage zone width reaching up to 88.1 mm. Overall, as stress 
values escalate, there is a consistent increase in both size and extent 
of damage around each fracturing hole; furthermore, elliptical 
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FIGURE 16
Evolution of hydraulic pressure pressure and crack number under different stress under fracturing⁃flooding. (a) σV = 20MPa, σh = 12.5 MPa. (b) σV = 
40MPa, σh = 25 MPa. (c) σV = 60MPa, σh = 37.5 MPa. (d) σV = 80MPa, σh = 50 MPa.

FIGURE 17
The crack patterns of fracturing⁃flooding under different in situstress. (a) σV = 20MPa, σh = 12.5 MPa. (b) σV = 40MPa, σh = 25 MPa. (c) σV = 60MPa, σh = 
37.5 MPa. (d) σV = 80MPa, σh = 50MPa.

characteristics within these damaged zones become increasingly 
pronounced.

Figure 18 presents the crack evolution of specimen under 
different in situ stress condition, as the in situ stress increases, the 
number of cracks corresponding to the final rupture significantly 
increases. Under hydraulic fracturing, High in situ stress inhibits the 

generation of cracks. The growth rate of cracks gradually decreases as 
the in situ pressure increases, but the number of cracks significantly 
increases in the final rupture, as shown in Figure 18a. However, 
under fracturing⁃flooding, the rate of crack growth and the total 
number of cracks will continue to increase as the in situ stress rises, 
as shown in Figure 18b.
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FIGURE 18
The crack evolution of specimen under different in situstress condition. (a) Under hydraulic fracturing. (b) Under fracturing flooding.

5 Conclusion

In this study, the fracture characteristics of low permeability 
sandstone subjected to hydraulic fracturing and fracturing-flooding 
were investigated through experimental methods and PFC2D

simulations. Initially, a true triaxial hydraulic fracturing apparatus 
was utilized to conduct both fracturing and fracturing-flooding 
experiments under true triaxial conditions. The distribution 
characteristics of fractures within the specimens were subsequently 
analyzed using CT scanning technology. Following this, an 
equivalent hydraulic model in PFC2D was developed to examine 
the distribution patterns of cracks under varying in situ stress 
conditions. The primary conclusions drawn from this research are 
as follows. 

1. As the injection flow rate increases, the hydraulic pressure 
rises in a step-like manner, reaching the peak and then 
rapidly decreasing, and the specimen is then fractured. With 
the increase of in situ stress, due to the capillary action, 
the corresponding flow rate for the fracture becomes lower. 
At the same time, the in situ stress inhibits the expansion 
of the fracture cracks. Under high in situ stress conditions, 
the acoustic emission phenomenon is not obvious, and the 
CT slices also indicate that the crack propagation is not
significant.

2. During the process of fracturing and flooding, acoustic 
emissions are generated, with their frequency increasing as the 
number of fracturing-flooding cycles rises. When combined 
with the results from CT scans, this observation supports the 
conclusion that fracturing and flooding induce micro-damage 
in the vicinity of the fracture hole.

3. During hydraulic fracturing, as the magnitudes of in situ stress 
increase, the distance that cracks extend along the vertical 
principal stress direction gradually decreases. Concurrently, 
the area of micro-damage surrounding the fracturing holes 
progressively increases, which facilitates the formation of 
elliptical fracture zones.

4. The fracturing-flooding process induces micro-damage in the 
vicinity of fracture holes, and the number of fractures is 

expected to increase with each successive cycle of fracturing 
and flooding. Additionally, the magnitudes of in situ stress 
will facilitate the development of micro-damage around these 
fracture openings.
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