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The mechanical properties and fracturing behavior of deep reservoir rocks 
are significantly influenced by the presence of fluids, which is crucial for 
geomechanical evaluation and resource development efficiency. Based on a 
discrete element method (DEM) coupled with fluid-solid interaction modeling, 
this study systematically investigates the effects of different fluid types (water, 
oil, gas) and pore pressures on the mechanical characteristics and fracture 
evolution of rocks under deep reservoir conditions. The results indicate that 
fluid properties markedly alter the mechanical response of rocks. Water 
saturation induces the most significant deterioration in peak strength, with a 
degradation of 79.41% observed at a pore pressure of 120 MPa. In contrast, 
gas saturation leads to the greatest reduction in stiffness (Young’s modulus), 
with a maximum degradation of 46.47% under the high pore pressure of 
120 MPa. Increasing pore pressure considerably reduces rock strength, and 
its weakening effect surpasses that caused by varying fluid types. However, 
the influence of fluid type on stiffness is more pronounced than that of pore 
pressure. At the microscopic scale, water weakens intergranular cementation 
through physical wedging and hydration reactions, promoting the development 
of shear fractures. Oil, due to its higher viscous resistance, causes localized stress 
concentrations and accelerates failure. The high compressibility of gas primarily 
affects the deformation capacity. This study reveals the differential degradation 
mechanisms of rock strength and deformation parameters under multiphase 
fluid conditions, providing a theoretical basis for the safe development of deep 
oil and gas resources.
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 1 Introduction

Deep reservoirs host multiphase fluids such as petroleum, natural gas, and formation 
water. As typical fluid media, oil, gas, and water exhibit distinct physical properties,
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including fluidity, dynamic viscosity, and compressibility modulus, 
which lead to variations in the mechanical characteristics and 
crack propagation patterns of fluid-bearing reservoir rocks. The 
chemical and mechanical interactions between fluids and rocks can 
impair permeability and porosity, ultimately altering petrophysical 
characteristics and creating operational challenges across various 
energy sectors, from enhanced oil recovery to gas storage operations 
(Karakul, 2018; Jafarbeigi and Moradi, 2025). Understanding the 
strength, deformation behavior, and fracture mechanisms of fluid-
saturated rocks is crucial for the safe and efficient development of 
deep resources such as sandstone gas, shale gas and coalbed methane 
(Shi et al., 2022; Wu J. Y. et al., 2024; Yin et al., 2025; Wu et al., 2025a).

Recently, researchers have conducted extensive research on 
the mechanical characteristics and crack propagation behavior of 
fluid-bearing rocks, primarily focusing on laboratory experiments 
and numerical simulations (Zhang et al., 2021a; Yu et al., 2024; 
Zhang et al., 2024; Wu et al., 2025b). Due to the limitations of in situ
testing applicability and the complexity of engineering geological 
conditions, laboratory testing remains the predominant approach 
in engineering practice. The advantages of laboratory experiments 
lie in their intuitiveness and ability to reflect actual engineering 
conditions (Bhuiyan et al., 2020; Zhang et al., 2021b; Liu et al., 
2024). Significant experimental evidence has demonstrated the 
weakening effects of fluids on various rock types. For instance, 
water saturation consistently reduces compressive strength, tensile 
strength, and elastic modulus across different lithologies, as 
observed in mudstone (Jia et al., 2023; Teng et al., 2023), sandstone 
(Li et al., 2021), shale (Wang et al., 2019; Dabbaghi et al., 2024), 
igneous rock (Frolova et al., 2014), gypsum rock (Wang et al., 2020; 
Ji et al., 2025), phosphate rock (Li et al., 2023), and conglomerate 
(Duan et al., 2024). The degradation mechanism often involves 
physical deterioration, chemical erosion, and mechanical damage, 
with the degree of alteration depending on mineral composition and 
cementation characteristics (Zhong et al., 2019; Liao et al., 2020; 
Deng et al., 2023). Beyond water saturation, studies have revealed 
that different fluid types induce distinct mechanical responses. The 
impact of drilling fluids on hard brittle shale further demonstrates 
how different fluid systems alter rock structure and chemical 
properties, ultimately affecting borehole stability (Huang et al., 
2019; Karakul, 2021). In carbonate reservoirs, different fracturing 
fluids exhibit discrepant impact degrees, with gelled acid causing 
the most significant deterioration of physical and mechanical 
properties (Deng et al., 2023).

Numerical simulation offers complementary advantages such 
as low cost, high repeatability, facilitated observation of internal 
characteristic fields, and quantitative analysis of micromechanical 
fracture mechanisms (Zhao et al., 2021). Advanced numerical 
methods including the finite element method (FEM) with phase-
field modeling of rock fractures (Fei et al., 2022), finite volume 
method (FVM) with hybrid approaches for hydraulic fracturing 
(Liu et al., 2018), and discrete element method (DEM) have 
effectively addressed limitations of laboratory core experiments 
(Shi et al., 2023; Yao et al., 2024; Shi et al., 2025). Micro-scale hydro-
mechanical modeling has proven valuable for predicting transport 
properties of deformed natural fractures and understanding the 
important role of fracture parameters on transport behavior 
(Raziperchikolaee et al., 2014). Particularly for fluid-particle 
systems, the coupled computational fluid dynamics (CFD) and 

discrete element method (DEM) approach has proven effective in 
accurately simulating various fluid-particle interaction problems 
(Xu et al., 2024). Researchers have successfully utilized particle 
flow code (PFC) to study fracture evolution during hydraulic 
fracturing, incorporating seepage-stress coupling effects to simulate 
fracture propagation (Shi et al., 2025; Wang et al., 2014). Recent 
numerical investigations have also explored the impact of water-rock 
interactions on the propagation of water-flooding induced fractures, 
revealing how alterations in geomechanical properties affect fracture 
propagation under reservoir conditions (Qu et al., 2023).

Numerous scholars have conducted extensive mechanical 
experiments and hydraulic fracturing simulations on fluid-
bearing rocks, particularly those under varying water saturation 
conditions. However, research on oil- and gas-bearing rocks remains 
insufficient, and studies on the triaxial compression mechanical 
behavior of fluid-saturated rocks using DEM coupled with fluid-
solid interaction (FSI) methodologies are relatively limited. The 
coupled CFD and DEM approach has proven effective in accurately 
simulating various fluid-particle interaction problems (Xu et al., 
2024). Therefore, this study employs a discrete element-based fluid-
solid coupling method to perform triaxial compression simulations 
on deep reservoir rocks containing different pore fluids, aiming to 
investigate the mechanical properties and fracture mechanisms of 
reservoir rocks under varying fluid occurrence conditions. 

2 Numerical simulation methods for 
fluid-solid coupling in fluid-bearing 
rocks

2.1 Fluid-solid coupling simulation 
methodology

In Particle Flow Code (PFC), the constitutive behavior of 
materials is simulated through contact models between particles. 
This study primarily employs the Parallel Bond Model (PBM) 
to simulate the mechanical behavior of rock particles. The PBM 
establishes a finite-sized bonding area at the particle contact surface 
to resist normal forces (Fn), tangential forces (Fs), and bending 
moments (M). Bond failure is determined based on strength criteria 
(normal strength σc, tangential strength τc).

In the discrete element method, the voids between particles 
are typically treated as rock pores, with fluid flow realized 
through a pore-throat network. The centroids of adjacent particles 
are connected to form polygonal fluid domains. These adjacent 
fluid domains are interconnected through throats (i.e., bonded 
contacts between particles). Individual polygonal fluid domains are 
interconnected through flow channels, forming a comprehensive 
fluid network model. Within this model, the fluid stored in each 
domain represents an abstract virtual entity. A pressure difference 
exists between adjacent fluid domains, driving fluid flow and 
exchange through interconnecting channels. The flow rate (q) 
through these channels is governed by the cubic law (Zhang et al., 
2018):

q = 1
12μ

a3 P2 − P1

L
t

where q is the fluid flow rate through the channel per unit time; μ
is the dynamic viscosity of the fluid; a is the aperture of the flow 
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channel; P1 and P2 are the pore pressures in the two adjacent fluid 
domains; L is the length of the flow channel, calculated as L = r1 + 
r2, where r1 and r2 are the radii of the two adjacent particles; t is 
the thickness of the specimen (flow channel). As a two-dimensional 
model is used, t = 1.

To simplify the calculation, the length of the flow channel L is 
defined as the sum of the radii of the two particles at the bonded 
contact of the current channel, i.e., L = r1 + r2. The aperture a 
of the flow channel represents the gap between the surfaces of 
two adjacent particles. The magnitude of a is influenced by the 
magnitude and type of the normal contact force F between the two 
particles. Assuming a0 is the initial aperture in the absence of contact 
force, then:

When F is a compressive stress,

a =
a0F0

F+ F0

where F0 is the normal contact force at which the aperture decreases 
to half of its initial value a0. When F = 0, the aperture a = a0; When 
F = F0, the aperture a = a0/2; As F approaches infinity, the aperture 
a asymptotically approaches zero.

When F is a tensile stress,

a = a0 + λ(d− r1 − r2)

where d is the distance between the centers of the two particles; 
r1 and r2 are the radii of the two particles, respectively; λ is a 
dimensionless coefficient. For most models, the particle radii are 
typically much larger than the actual mineral grain sizes in real 
rock specimens. Consequently, the calculated aperture tends to be 
overestimated. Therefore, an adjustment coefficient λ is introduced 
to obtain a reasonable aperture value. The value of λ is generally 
less than 1.

The change in fluid pressure within a fluid domain is determined 
by both the domain volume change ΔVd and the fluid bulk modulus 
K f . During a time step Δt , if the net flow rate into the domain 
through connected channels is ∑q, then the change in fluid pressure 
Δp within the domain is given by:

Δp =
Kf

Vd
(ΣqΔt−ΔVd)

where Vd is the volume of the fluid domain. 

2.2 Selection of rock and fluid property 
parameters

To ensure the accuracy of the rock model, the micro-
parameters were calibrated against laboratory triaxial compression 
tests reported in the literature for deep reservoir sandstones
(Wu Q. Q. et al., 2024;). The “trial-and-error” method was then 
employed to iteratively adjust the micro-parameters (e.g., particle 
stiffness, bond strength) until the numerical model’s macroscopic 
response closely matched these experimental benchmarks. Based on 
the influence of elastic modulus (E), cohesion (c), tensile strength 
(σ t), and internal friction angle ( fa) on the strength of the rock 
model, repeated trial calculations and adjustments were performed 
according to experimental results to obtain model data that closely 

matches the laboratory experimental results. Three types of fluids, 
including water, oil, and gas, are considered. The differentiation 
among fluids primarily considers their compressibility, dynamic 
viscosity, and mobility. By specifying numerical values for 
these three fluid parameters, the model simulates the realistic 
physicochemical interactions between different fluids and rock 
particles. The model parameter settings are listed in Table 1. This 
set of data was used for simulating the mechanical properties 
and fracture patterns of rocks under different fluid occurrence 
conditions. Water is modeled as a slightly compressible fluid with 
low viscosity, typical of formation water. Oil is represented as 
a light crude oil, characterized by a moderate viscosity that is 
significantly higher than that of water and gas, leading to greater 
viscous resistance during flow. Gas is modeled as natural gas (e.g., 
methane), with its key characteristics being very low viscosity and 
high compressibility. It should be noted that the gas phase is modeled 
as a non-reactive fluid. While we recognize the potential importance 
of phenomena such as the Klinkenberg effect and gas dissolution in 
pore water for specific reservoir scenarios, these are not explicitly 
incorporated in the current model. This approach is justified as our 
primary aim is to isolate and compare the first-order mechanical 
influences of fundamental fluid properties on rock behavior.

2.3 Model establishment

The rock model in this study was generated by centrally 
packing ball particles within a domain region of height 200 mm × 
width 100 mm. The rock specimen dimensions were set to height 
100 mm × width 50 mm. The ball particle diameters were randomly 
generated within the range of 0.8–1.2 mm, with a uniform particle 
density of 2,660 kg/m3. A local damping coefficient of 0.5 was 
applied uniformly. The normal stiffness between particles was set to 
32 GPa, while the linear stiffness between particles and walls was 
set to 16 GPa, with a stiffness ratio of 2.0 for both. The friction 
coefficient was set to 0.6 for all contacts. Initial porosity values 
were set to 0.01, 0.05, and 0.10, resulting in the generation of 
6,213, 5,963, and 5,639 ball particles, respectively. The pore pressures 
were initialized to 10 MPa, 80 MPa, and 120 MPa, respectively, 
uniformly throughout the specimen’s fluid domains. Un drained 
hydraulic boundary conditions were applied, meaning no fluid flow 
was permitted across the model boundaries during compression. 
This setup simulates a rapid loading process where fluid exchange 
with the external environment is negligible. Consequently, the 
pore pressure evolved dynamically during loading in response to 
volumetric strain.

A constant confining pressure of 150 MPa was applied to all 
models to simulate deep reservoir conditions. The pre-compaction 
process eliminates initial particle overlaps through servo control and 
establishes a homogeneous stress field, bringing the particle system 
to a state of static equilibrium. At this stage, particles maintain 
only point contacts (linear contact model), which can transmit 
forces and damping but cannot resist bending moments or torques, 
thereby simulating the behavior of non-cohesive granular materials 
(e.g., sand). After adding parallel bonds (linear parallel bonds), 
finite-sized bonding surfaces (equivalent to cementation layers) 
form between particles. These bonds can transmit forces, bending 
moments, and torques, endowing the particle system with tensile 
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TABLE 1  Parameter settings for numerical models of rocks and different fluids.

Parameter Value

Name Notation Unit Water-saturated 
state

Oil-saturated state Gas-saturated 
state

Dry state

Elastic modulus E GPa 16.0 19.0 12.0 21

Elastic modulus_pb E_pb GPa 32.0 38.0 24.0 42

Stiffness ratio Sr — 2.0 2.0 2.0 2.0

Tensile strength σt MPa 5.0 7.8 8.2 10.0

Cohesion c MPa 30.0 49.0 50.3 60.0

Internal friction angle fa ° 30.0 40 41 45

Dynamic viscosity μ Pa·s 1e-3 1e-2 1.1e-5 —

Compression modulus K GPa 2.0 1.2 0.2 —

Mobility λ mD/(mPa·s) 1e-3 1e-4 9.09e-2 —

strength (pb_ten) and shear cohesion (pb_coh), thus simulating the 
continuum behavior of rocks or concrete. If bonds are added before 
pre-compaction, the excessive contact forces caused by particle 
overlaps would instantly break the bonds, generating non-physical 
cracks and compromising the homogeneity of the specimen. 
After pre-compaction, particle positions stabilize, ensuring accurate 
calculation of bond areas (pb_radius) and preventing bond size 
distortion due to particle displacement. This approach establishes 
a parallel bond model (PBM) with realistic physical properties of 
rock to simulate mechanical behavior. The reliability of this model 
for simulating rock mechanical behavior has been validated by Sun 
(Sun and Wang, 2024) and Wang (Wang and Wang, 2021).

The two-dimensional (2D) modeling approach has certain 
limitations. Fluid flow and fracture propagation are confined 
to a single plane, which simplifies the true three-dimensional 
characteristics of the rock pore network and fluid pathways, 
hindering the simulation of the complexity and connectivity 
of out-of-plane fractures. Although these simplifications mean 
that the absolute values of strength, permeability, and fracture 
geometry may not directly correspond to field conditions, 
two-dimensional models offer significant computational 
advantages for large-scale parametric studies. The main 
objective of this study—identifying and comparing the relative 
effects of different pore fluids on rock mechanical behavior 
and their distinct mechanisms—can be effectively achieved
using this model. 

3 Numerical simulation results

3.1 Stress-strain curves and mechanical 
parameters

Variations in fluid pore pressure and rock porosity significantly 
influence the mechanical properties and crack propagation behavior 
of rocks under fluid-bearing conditions. Porosity is defined as the 

ratio of pore volume to the total rock volume, with fluids primarily 
residing within these pores. Pore pressure refers to the pressure 
exerted by the fluid within the rock pores, whose magnitude depends 
on fluid density and vertical depth. The level of pore pressure is a 
critical factor affecting rock strength; generally, an increase in pore 
pressure reduces the effective stress on the rock skeleton, thereby 
weakening the rock strength. This study simulates the triaxial 
compression mechanical processes of fluid-saturated rocks under 
multiple pore pressure and porosity levels for different fluids (oil, 
gas, water).

Figure 1 presents the simulated stress-strain curves of rocks 
under different fluid occurrence conditions. To clearly illustrate the 
influence of varying pore pressures and initial porosity combinations 
on rock mechanical properties, the simulation provides results from 
nine sets of stress-strain curves. It can be observed that the effects 
of different fluid types on rock mechanical properties are evident. 
When the pore pressure is low (Pp = 10 MPa), the effective confining 
pressure is high, and the influence of different fluid properties on 
peak strength is relatively similar. The degree of strength degradation 
follows the order: water-saturated > gas-saturated ≈ oil-saturated. In 
contrast, the impact of fluid properties on Young’s modulus varies 
significantly, with stiffness degradation following the sequence: 
gas-saturated > water-saturated > oil-saturated. When the pore 
pressure is equal to 80 MPa, the effective stress gradually decreases. 
Strength degradation still follows the pattern: water-saturated > 
gas-saturated ≈ oil-saturated, while stiffness degradation remains 
consistent: gas-saturated > water-saturated > oil-saturated. As pore 
pressure increases (up to 120 MPa), effective stress further decreases, 
and the weakening effect of different fluids on rock strength becomes 
significantly distinct, following the order: water-saturated > oil-
saturated > gas-saturated. Stiffness degradation adheres to the 
pattern: gas-saturated > water-saturated > oil-saturated.

Under dry conditions, the rock exhibits a peak strength of 
505 MPa and an elastic modulus of 70.22 GPa. Under identical 
confining pressure but varying pore pressures, water saturation 
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FIGURE 1
Stress-Strain curves of Rocks Under Different Fluid Properties. ((a) Porosity = 0.01, Pp = 10 MPa; (b) Porosity = 0.01, Pp = 80 MPa; (c) Porosity = 0.01, 
Pp = 120 MPa; (d) Porosity = 0.05, Pp = 10 MPa; (e) Porosity = 0.05, Pp = 80 MPa; (f) Porosity = 0.05, Pp = 120 MPa; (g) Porosity = 0.1, Pp = 10 MPa; (h)
Porosity = 0.1, Pp = 80 MPa; (i) Porosity = 0.1, Pp = 120 MPa).

induces the most severe degradation in peak strength. When the 
pore pressure reaches 120 MPa, the peak strength is reduced to 
104 MPa, corresponding to a degradation of 79.41%. In contrast, 
gas saturation causes the most significant reduction in stiffness, 
with the Young’s modulus of the gas-saturated rock decreasing 
to 37.59 GPa, representing a degradation of 46.47%. Note that 
the reported percentage degradation of peak strength and Young’s 
modulus is calculated by comparing the values of fluid-saturated 
samples with those of the dry rock sample under the same confining
pressure.

An increase in initial porosity always leads to a decrease in 
peak strength and Young’s modulus under various fluid types and 
pore pressure conditions. This occurs because a higher porosity 
implies a greater proportion of weak pores in the rock matrix 
and a reduced load-bearing solid area, thereby facilitating failure 
and enhancing compressibility. Although the qualitative trend is 
consistent, the quantitative weakening effect induced by porosity 
variation is generally less pronounced than that caused by high pore 
pressure or the presence of fluids. 

3.2 Force chains, particle displacement and 
velocity

The simulation employed a single-stage loading process with 
a strain rate of 0.8 × 10−3/s, satisfying quasi-static loading 
conditions (Huang et al., 2016). The loading process automatically 
terminated, and the model state was saved when the axial 
strain reached 0.02. Figure 2 compares the force chains, cracks, 
displacement, and velocity of rock particles under different fluid 
types at an axial strain of 0.02. At this point, the rock has already 
been compressed to failure. All force chains are under compression, 
as they cannot transmit tensile stress. Sparse force chain regions 
correspond to crack distribution zones, indicating severe bond 
failure. The water-saturated rock sample exhibits sparser force 
chains, reflecting more extensive damage. The number of shear 
cracks in the water-saturated rock sample is significantly higher 
than in the gas- and oil-saturated rock samples. The presence of 
water more noticeably weakens the cementation strength of the rock, 
making it more prone to shear failure. The particle velocity is highest 
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in the gas-saturated rock sample, followed by the water-saturated 
rock sample, and lowest in the oil-saturated rock sample. This 
indicates that the high dynamic viscosity of oil significantly hinders 
particle movement, resulting in relatively higher rock stiffness in 
the oil-saturated state compared to other fluid conditions. Particle 
displacement and velocity vector maps also reflect crack distribution 
patterns. Greater particle displacement correlates with higher crack 
density, while opposing, intersecting, or disordered particle velocity 
directions are more likely to form fracture zones.

3.3 Crack evolution

In the Parallel Bond Model, the failure of a bond is classified as 
either a tensile crack or a shear crack at the moment of rupture. 
A tensile crack is registered if the maximum tensile stress in the 
bond reaches its specified tensile strength. A shear crack is registered 
if the shear stress in the bond exceeds its shear strength, which 
is governed by a Mohr-Coulomb criterion defined by the bond 
cohesion and friction angle. This intrinsic classification mechanism 
of the PBM allows for the direct tracking of micro-crack types 
during the simulation. Figure 3 shows the evolution curves of 
crack numbers under different fluid conditions. The deformation 
and failure of rocks under triaxial compression exhibit typical 
stage-specific characteristics, which can generally be divided into 
five distinct phases: compaction stage, elastic deformation stage, 
plastic yield stage (stable crack propagation stage), strain softening 
stage (unstable crack propagation stage), and residual plastic stage 
(plastic flow stage) (Li et al., 2024; Wang et al., 2024). During 
the elastic deformation stage (when ε1 is relatively small), the 
growth rate of cracks is slow, and the crack types are primarily 
tensile cracks, with very few shear cracks. In the plastic yield 
stage, the number of tensile and shear cracks increases rapidly, 
particularly in the water-saturated state. After reaching the peak 
stress, the growth rate of tensile cracks reaches its maximum, while 
the number of shear cracks stabilizes, either growing slowly or 
remaining unchanged. During the strain softening and residual 
stages, the growth rate of tensile cracks slows down, and shear 
cracks remain largely unchanged. The rock ultimately fails due to 
the interconnection of cracks.

Overall, the gas-saturated rock sample exhibits the fewest cracks. 
Combined with the fact that gas causes the least degradation of rock 
strength, it can be concluded that gas has the smallest weakening 
effect on the rock’s resistance to fracture. In contrast, the water-
saturated rock sample shows the highest number of cracks, with 
shear cracks significantly outnumbering those in the gas- and oil-
saturated rock samples. This indicates that water makes the rock 
more prone to shear slip failure. Furthermore, the crack initiation 
stress, propagation stress, and peak stress all follow the order: 
water-saturated < oil-saturated < gas-saturated. This suggests that 
cracks initiate and propagate more easily in the water-saturated state 
compared to the oil- and gas-saturated states. 

4 Discussion

Figure 4 shows the point-line diagrams of the degradation trends 
for peak strength and Young’s modulus of rocks. As the pore 

pressure increases, the strength degradation under gas-saturated 
condition ranges from 11.09% to 71.09%, and modulus degradation 
ranges from 42.11% to 46.47%; under oil-saturated condition, 
strength degradation ranges from 12.67% to 75.25%, and modulus 
degradation ranges from 8.72% to 14.21%; Under water-saturated 
condition, strength degradation ranges from 18.02% to 79.41%, and 
modulus degradation ranges from 23.27% to 29.85%. Under the 
same stress conditions, the strength degradation follows the order: 
water-saturated > oil-saturated > gas-saturated, while the Young’s 
modulus degradation follows: gas-saturated > water-saturated > 
oil-saturated.

The presence of fluids weakens the Young’s modulus of the rock, 
but as pore pressure increases, the extent of modulus reduction 
decreases. The weakening effect of increasing pore pressure on 
rock strength is greater than that caused by changes in fluid type. 
Conversely, the weakening effect of fluid type changes on rock 
stiffness is greater than that caused by increasing pore pressure.

Fluid-solid coupling interactions are influenced by effective 
stress and fluid properties. The effective stress is determined by 
the confining pressure and pore pressure, while fluid properties are 
generally affected by dynamic viscosity, permeability, and fluid bulk 
modulus. Under fluid pressure, free water flows from pore throats 
into the pores, eventually saturating the entire rock. The presence 
of fluids increases the number and size of pores, leading to an 
increase in internal porosity. An increase in fluid pressure (pore 
pressure) reduces the effective stress, resulting in the weakening of 
rock strength due to fluid saturation. When the rock is fully saturated 
with fluid, the fluid within the pores affects the interparticle 
cohesion by increasing the particle spacing D, thereby influencing 
the overall strength.

Water molecules exert physical wedging effects and hydration 
reactions on rock mineral particles. The penetration of water 
molecules into intergranular spaces significantly reduces the 
cementation strength between rock particles. This is particularly 
pronounced in rocks with higher clay content, as clay minerals 
are more susceptible to alteration upon rock/fluid interaction, 
leading to greater strength degradation (Zhong et al., 2019). 
Simultaneously, the presence of water induces swelling in certain 
mineral components, leading to structural deterioration of the 
rock fabric. Experimental studies on clay-bearing sandstones have 
confirmed that the degree of weakening depends on the clay 
composition, with water causing more significant strength reduction 
in rocks containing swelling clays like montmorillonite compared to 
those with only kaolinite (Wu et al., 2024;). As a result, the overall 
load-bearing capacity of the rock is compromised. In contrast, gas 
molecules are smaller and exhibit lower dynamic viscosity. They 
primarily exist in a free state within rock pores and have limited 
influence on interparticle forces. The impact of oil on the peak 
stress of rock lies between that of water and gas. Due to its higher 
viscosity compared to water and gas, oil generates considerable 
viscous resistance when flowing through rock pores under external 
stress. This resistance leads to non-uniform stress distribution and 
localized stress concentrations within the rock, thereby promoting 
premature failure and reducing the peak stress. The investigation 
of fracture properties under drilling fluid saturation also suggests 
that fluids can alter the rock’s resistance to fracture propagation, 
with the viscous nature of the fluid playing a role (Karakul, 2021; 
Zhang et al., 2022; Xu et al., 2023).
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FIGURE 2
Force Chains, Crack Distribution, Particle Displacement, and Velocity Nephograms under Different Fluid Conditions. (Porosity: 0.05, Pore 
pressure: 10 MPa).
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FIGURE 3
Variation curves of crack numbers under different fluid conditions. (porosity: 0.05, pore pressure: 80 MPa); ((a) Gas-Saturated State; (b) Water-Saturated 
State; (c) Oil-Saturated State).

FIGURE 4
Trend diagram of rock mechanical property degradation. ((a) Relationship between peak stress and pore pressure in rocks under different fluid 
conditions; (b) Relationship between Young’s modulus and pore pressure in rocks under different fluid conditions).

The high compressibility of gas is identified as the dominant 
mechanism for its maximum reduction of Young’s modulus. 
During the initial elastic compression, the applied load causes 
volumetric strain. The highly compressible gas within the pores 
offers minimal resistance to this pore volume reduction, unlike the 
nearly incompressible water. Consequently, a greater proportion of 
the applied work is converted into compressing the gas-filled pores 
rather than elastically straining the solid rock skeleton. Studies on 
gas-containing coal and tight sandstones interacting with scCO2
have similarly shown that the highly compressible gas phases offer 
minimal resistance to pore volume reduction during compression, 
leading to increased overall compressibility and a lower apparent 
Young’s modulus (Zhang et al., 2021a; Yang et al., 2023).

The weakening trends observed in this study align with 
the broader understanding that fluid-rock interactions can 
significantly deteriorate the physical and mechanical properties 
of rocks across various lithologies and engineering contexts, 
from hydraulic fracturing to geological storage (Jafarbeigi 
and Moradi, 2025; Bhuiyan et al., 2020). The differential 
weakening mechanisms highlighted here—where water primarily 
attacks cementation strength and gas compromises stiffness via 
compressibility—provide a micro-mechanical explanation for 

the macro-scale observations of fluid-induced alterations in 
reservoir rocks. 

5 Conclusion

This study investigates the deep reservoir rocks of the 
Kuqa Depression through PFC discrete element numerical 
simulations, the mechanical characteristics and crack evolution 
patterns of fluid-bearing reservoir rocks were analyzed from 
multiple perspectives, including stress-strain curves, force chains, 
particle displacement, and crack propagation. The main findings
are as follows: 

1. The rock strength degradation follows the order: water-
saturated > oil-saturated > gas-saturated, water causes the most 
significant strength degradation in rocks. The weakening effect 
of pore pressure on rock strength is greater than that caused by 
changes in fluid type. Fluid type, pore pressure, and porosity 
all influence rock strength, with pore pressure variation having 
the most significant impact.

2. The Young’s modulus degradation follows the order: gas-
saturated > water-saturated > oil-saturated, indicating that gas
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has the most significant impact on the rock’s resistance to 
deformation. Changes in fluid type have a greater weakening 
effect on rock stiffness than increases in pore pressure.

1. At rock failure, the stress chains are exclusively compressive. 
Under water-saturated conditions and high pore pressure 
states, the force chains become sparser, indicating more severe 
rock damage. From gas-saturated to water-saturated to oil-
saturated states, the instantaneous particle velocity gradually 
decreases, attributable to the higher dynamic viscosity of oil, 
which hinders particle movement.

2. The number of shear cracks in the water-saturated state 
is significantly higher than in the gas- and oil-saturated 
states. The presence of water more noticeably weakens the 
cementation strength of the rock, making it more prone to 
shear failure.
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