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Numerical simulation of the
dynamic evolution of effective
stress and pore water pressure
within a rock matrix

Jiangchun Hu, Wenqing Zhou*, Zhihao Ren† , Miao Liu† and
Bing Liu†

School of Intelligent Construction and Civil Engineering, Zhongyuan University of Technology,
Zhengzhou, China

The dynamic evolution of effective stress and pore water pressure is a key
scientific issue of study in the field of seepage-stress coupling in geotechnical
engineering. To address the imbalance in effective stress redistribution caused by
pore water pressure anomalies during water surges in underground engineering,
the study employed numerical simulations to reveal the dynamic evolution
of effective stress and pore water pressure within the sandstone matrix. The
simulation was conducted by developing a coupled granular flow-permeability
model in PFC6.0, which accounts for pore water pressure transfer. The model
was calibrated through parameter inversion based on UCS experimental results,
and a triaxial consolidation-relaxation test was designed using the model and
calibrated parameters. The parameter calibration results indicate that the four
key mesoscale parameters—tensile strength, cohesion, internal friction angle,
and modulus of elasticity—obtained through inverse calibration, allow the
numerical test results to deviate from the actual experimental results by only
1.3%. The numerical simulation results reveal the following findings: 1) The
effective stress response of rocks under constant confining pressure conditions
consistently shows peak strength characteristics. 2) A strong positive correlation
exists between the confining pressure stress level and the peak effective stress.
3) The evolution of effective stress before the rock reaches peak stress follows
a nonlinear pattern, initially decreasing and increasing, with the final value
asymptotically approaching the level of peripheral confining pressure. The
study’s findings on the dynamic evolution of effective stress and pore water
pressure provide a crucial theoretical foundation for predicting water influx in
deep tunnels and optimizing fracturing processes in shale gas reservoirs.

KEYWORDS

rock mechanics, effective stress, numerical simulation, stress analysis, pore water
pressure, PFC 2D

1 Introduction

The influence of groundwater on rock stability is a global concern, with issues
such as earthquakes, karst formations, fault activity, and underground water surges
frequently arising from these interactions (Laouafa, F. et al., 2021). Groundwater surges
can cause significant damage and lead to underground engineering accidents, posing
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serious risks of injury and even fatalities. In the world, several
coal mines across various areas have experienced water surge
accidents, resulting in significant casualties and both direct and
indirect economic losses.Water-rock interactions have been studied
extensively, such as Duryagin et al. (2023) exploring the behavior
of oil-saturated rocks under spontaneous water infiltration to
understand the deeper relationship between water and rocks.
Warning signs typically precede sudden water accidents, including
the appearance ofwater droplets on thewalls, sounds related towater
pressure, and changes in seepage patterns (Fan et al., 2016). These
signs suggest that water seepage along the rock walls is intensifying,
indicative of rising pore water pressure within the rock (Huang
and Li, 2014; Hashiba et al., 2019). As pore water pressure increases,
the resulting decrease in effective stress creates an imbalance that
can compromise the rock’s internal structure and lead to large-
scale water surges. This paper focuses on the uneven distribution
of effective stress and pore water pressure, along with the rapid
pressure redistribution that can cause rock failure and subsequent
water surges.

Effective stress is a fundamental concept in geotechnics and is
crucial for addressing coupled soil-water stress analysis (Gudehus,
2021). It plays a vital role in geological assessment and optimizing
resource extraction and mining safety, serving as a cornerstone
for reservoir analysis and recovery efforts (Beeler et al., 2016;
Heibrock et al., 2018; Zhu and Ma, 2018). Understanding the
properties of effective stress and its fluctuations under varying
conditions is critical for advancing underground engineering
and energy reservoir development (Golovin and Baykin, 2016).
Recent studies have highlighted its importance in resource
extraction, particularly regarding its impact on permeability
anisotropy (Li et al., 2023). Despite significant advancements, the
understanding of effective stress remains in its foundational stages,
especially concerning its application in underground construction.
The distribution of effective stress and pore water pressure in rock
poses unique challenges for engineers. The concept originated in
the early 20th century, with Terzaghi and Peck (1948) emphasizing
the role of pore water pressure in rock deformation and refining
the theory of effective stress. Skempton (1961) later expanded upon
Terzaghi’s work, applying these principles to soils, concrete, and
rocks Recent research has furthered our understanding of effective
stress through various models and simulations. For instance,
researchers have developed permeability-dependent fluid-solid
coupling models to explore how effective stress influences the
permeability of fractured rocks under different pressure conditions
(Sun et al., 2024; Wenrui and Peng, 2023). A three-phase model
involving capillary water, pore air, and a generalized soil skeleton
has also been proposed to enhance the understanding of effective
stress in unsaturated soils (Zeng et al., 2024). Numerical simulations
have proven valuable as well; Huang et al. (2024) investigated gas
flow in rock fractures under varying effective stress, focusing on
changes in fracture conditions. Similarly, (Huang et al., 2023).
Examined effective stress parameters in unsaturated soils under
rotationally induced compressive and shear forces. Previous studies
have examined effective stress and its impact on rock permeability
through modeling, laboratory tests, and numerical simulations.
Researchers typically treat effective stress as an independent
variable, adjusting or controlling it unidirectionally to observe its
impact on the system (e.g., permeability, deformation). However, in

this study, effective stress is considered part of a dynamic feedback
loop within the system. Changes in pore pressure, for example,
lead to the redistribution of effective stress, and these changes, in
turn, trigger responses in other parameters that further influence
effective stress.

In this paper, triaxial numerical experiments are conducted to
investigate rock effective stress, and a coupled fluid-solid model
is built using numerical software. In this model, effective stress is
incorporated as a key component of the dynamic feedback system
between pore water pressure and effective stress. Control variables
are applied to analyze the changes in effective stress and examine
the feedback mechanism. This approach seeks to explore the
equilibrium of effective stress and pore water pressure distribution,
offering insights for addressing underground water influx issues in
construction.

2 Modeling theory and experimental
materials

2.1 Modeling theory

The contact rule is central to particle flow modeling. Using
the PFC linear contact model as a foundation, an adjustable,
parameterized contact mechanism is developed between rock
particles. This mechanism ensures that particles experience normal
forces and bending moments while preventing overlap. The
model manages inter-particle and particle-wall interactions through
linear elements, which simulate tension-free friction, and damping
elements, which represent viscous behavior. These two elements
operate primarily within the localized areas of particle-particle or
particle-wall contact points, transmitting forces exclusively through
these contact points (Xu et al., 2010; Renzo and Maio, 2004). This
paper employs the linear parallel bond model as the contact model
(2D), which is mainly used for mutual contact between particles
(non-rigid bodies). The following are the key formulas utilized in
this study (Itasca Consulting GroupInc, 2021):

The linear parallel bond model’s force-displacement
law continuously calculates the contact force and moment
as shown in Equation 1.

Fc = Fl + Fd + F, Mc =M (1)

where F l is the linear force, Fd is the dashpot force, F is the parallel-
bond force, andM is the parallel-bond moment.

The parallel-bond force is resolved into a normal and shear
force, and the parallel-bond moment is resolved into a twisting and
bending moment as shown in Equation 2:

F = −Fnn̂c + Fs M =Mb (2)

where Fn >0 is the tension force.
The parallel-bond shear force and bending moment lie on the

contact plane and are expressed in the contact plane coordinate
system as shown in Equation 3.

Fs = Fst ̂tc Mb =Mbs ̂sc (3)
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The parallel-bond surface gap is defined as the
cumulative relative normal displacement of the piece surfaces
as shown in Equation 4:

gs =∑Δδn (4)

where Δδn is the relative normal-displacement increment.
The force-displacement law for the parallel-bond force and

moment consists of the following steps: Update the bond cross-
sectional properties as shown in Equation 5:

R = λ
{
{
{

min(R(1),R(2)), ball− ball

R(1), ball− facet
, A = 2R, I = 2

3
R3, J = 0

(5)

where A is the cross-sectional area, I is the moment of inertia of the
parallelbond cross section, and J is the polar moment of inertia of
the parallel bond cross section.

Update Fn (Equation 6):

Fn = Fn + knAΔδn (6)

Update Fs (Equation 7):

Fs = Fs − ksAΔδs (7)

UpdateMb (Equation (8)):

Mb ≔Mb − knIΔθb (8)

Update the maximum normal (σ,σ > 0 , is tension) and shear
stresses at the parallel-bond periphery as shown in Equation 9.

σ =
Fn
A
+ β
∥Mb ∥ R

I
(β ∈ [0,1]),τ =

∥ Fs ∥

A
(9)

Enforce the strength limits. If the tensile-strength
limit is exceeded (σ >σc, then break the bond in tension
as shown in Equation 10.

B = 1, {Fn,Fst,Mbs} = 0 (10)

If the bond has not broken in tension, then enforce the shear-
strength limit. The shear strength τc = c− σ tan ϕ, where σ = Fn/A is
the average normal stress acting on the parallel bond cross section.
If the shear-strength limit is exceeded (τ > τc), then break the bond
in shear as shown in Equation 11.

B = 2, {Fn,Fst,Mbs} = 0 (11)

If the bond has broken, then the bond_break callback event is
triggered.

2.2 Sample materials

The experimental model was designed based on the physical
properties of actual sandstone, which features an abundant pore and
fissure structure. This characteristic makes it an ideal subject for
observing particle changes and spatial movements, facilitating the
study of microstructural alterations.

FIGURE 1
Material composition diagram. Samples consist of travertine, sand
gesso and water.

Considering that rocks of the same species can display structural
or material differences when sourced from different regions, the
test materials in this study were meticulously selected to enhance
experimental reproducibility and facilitate future research. Similar
rock materials were utilized to maintain consistency throughout the
experiments. Similar materials are widely accessible and affordable,
enabling proportional mixing to create specimens that are identical
to one another. Their consistent properties increase the reliability of
the study. If subsequent tests are performed, they can build on this
foundation without the need to revisit previous research. Following
the model testing conducted by Yang et al. (2021), this study chose
a mortar specimen as the test material (Figure 1).

The mortar was created using a mixture of lime, quartz
sand, gypsum, and water in a ratio of 9:13:1:5. The resulting
specimen had a diameter of 50 mm and a height of 100 mm. After
fabrication, the specimens were kept under controlled temperature
and humidity conditions for 28 days. The simulated object is
sandstone, which features a complex pore structure that provides
benefits for measuring effective stress. Quartz sand forms the
primary skeleton of the simulated sandstone, with its particle
size, shape, and sorting directly influencing the porosity and
permeability of the specimen. Gypsum serves as a cementing agent,
partially filling the pores between quartz sand particles, thereby
simulating the effect of siliceous or calcareous cement in the natural
sandstone. The lime reacts with water to form calcium carbonate,
which not only strengthens the bonding between particles but also
creates a microcrystalline structure that fills some of the pores.
The combination of lime, quartz sand, and gypsum allows the
simulated specimens to effectively support flow-coupling analysis
by replicating the pore structure, cementation pattern, and chemical
stability of natural sandstone.

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2025.1572441
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Hu et al. 10.3389/feart.2025.1572441

3 Modeling and parameter calibration

3.1 Model building

The discrete element method (DEM) was selected for numerical
simulations due to its suitability for studying effective stresses
in rocks. This approach captures the physical properties and
interactions of media particles, allowing for insights into the
micromechanical behavior of rock materials. The contact force
represents a local interaction between particles at the microscopic
scale. In the discrete element simulation of PFC, the contact force
vectors—comprising both normal and tangential components—can
be directly monitored between neighboring particles. The local
stress distribution is essentially a statistical average of microscopic
contact forces on amacroscopic scale. Discrete contact forces can be
transformed into a continuous stress field through volume averaging
or Gaussian smoothing. The effective stress, on the other hand,
is a macroscopic statistical quantity in the mechanics of porous
media, which contains both the contribution of statistical averaging
of contact forces and needs to be corrected by pore pressure to reflect
the actual bearing state of the solid skeleton. This approach allows
us to explore the control laws governing the mechanical behavior
of the granular material from two perspectives: direct observation
(microscopic contact forces) and indirect correlation (macroscopic
stress and pore pressure).

This study research focuses on the variation of rock effective
stress under different confining pressure loads. Numerical
simulations were performed to observe effective stress changes in
sandstone under various confining pressures using discrete element
software (PFC). The modeling involved simulating a triaxial test
and examining seepage behavior in the rock. By varying pore water
pressure, the resulting changes in effective stress were analyzed to
gain insights into its behavior under different conditions.

Key parameters such as density, porosity, cohesion, and internal
friction angle (Φ) were selected based on empirical data from
actual sandstone, and their optimal values were determined. Using
the discrete element software PFC, a two-dimensional simulation
specimen was created with a diameter and height of 100 mm,
consisting of 6,320 particles ranging in size from 0.5 mm to 1 mm.
The Random module was employed to avoid positional overlap
among particles, ensuring that the particle distribution reflects the
natural heterogeneity found in actual sandstone.

3.2 Servo system

Building on the aforementioned theory, the contact parameters
of the PB model will be assigned to the disordered stacked particles.
This approach aims to simulate the interaction forces within the
rock’s internal structure. The introduction of contact parameters
generates contact forces, as illustrated in Figure 2a. At this stage, the
contact force is dissipated, as shown in Figure 2b. Following this, a
parameter state check is conducted. The pb_state analysis indicates
that the particle contact state is in State 3, which signifies that the
contact remains intact and undamaged, as depicted in Figure 2c.
The final step involves setting both the particle displacement and
contact force to zero. This ensures that subsequent calculations of

force and displacement are not influenced by the initial modeling
and parameter assignment, as illustrated in Figure 2d.

After the initial model creation and the assignment of contact
parameters, the next step is to develop the servo system. The
complete servo system facilitates the application of loads through the
movement of the walls. The contact model between the wall (rigid
body) and particles (non-rigid body) is a linear contact model that
does not include bonding. Unlike complex particle-particle contact
models that include bonding. Indirect pressure or displacement
loads are applied to the particle system by adjusting the wall position
or controlling the wall velocity, which is effective for simulating
confining pressure.

The PFC servo system developed in this study consists of a
three-step process. 1) Gain calculation: determining the servo gain
parameters through the get_gain function to optimize the stress
control accuracy. 2) Dynamic adjustment: The wall’s moving speed
is adjusted in real-time based on feedback to maintain the target
stress state.This process involves monitoring the difference between
the boundary force and the target stress and then adjusting the
wall speed accordingly. The key aspect of this step is the immediate
feedback and control mechanism, which uses a numerical algorithm
to maintain the individual forces balance. 3) Iterative convergence:
This process involves iterative stress calculations and monitoring
of the contact state, guiding the system to asymptotically approach
the target stress. The core of this step is achieving global stress
equilibrium. A numerical algorithm is used to iteratively eliminate
residual stress differences, ultimately establishing a stable confining
pressure environment.

3.3 Parameter calibration method

The discrete element software PFC allows for convenient
monitoring of the contact states between particles. It also records
particle forces and the overall force distributionwithin the specimen
in real time, providing valuable data for analysis and model
refinement. Numerical studies on the effective stress of rocks must
carefully consider fine-scale parameter values to ensure the accuracy
of the tests. Precise calibration of these parameters is essential for
producing reliable and meaningful results. Most discrete element-
based simulations use uniaxial compressive strength (UCS) as the
fundamental mechanical test. Given its well-established simulation
and calibration methods, UCS is chosen as the standard test in this
laboratory study. Following the methodology of Yoon (2007) for
sensitivity analysis of microscopic parameters related to the UCS
test, the rock material is first subjected to mechanical testing. It is
then simulated using PFC, and the results are compared to ensure
the accuracy and validity of the simulation.

In the numerical experimental study, the parameter calibration
test follows the same procedure as the UCS test. The calibration
focuses on four key parameters that have the most significant
impact on the model’s outcomes: tensile strength (pb_ten), bonding
force (pb_coh), internal friction angle (pb_fa), and modulus of
elasticity (pb_emod). Continuous testing has shown that these
parameters greatly influence the final results, while the effect of
other parameters in the UCS test is minimal. Calibration was
conducted using the trial-and-error method typically employed
in particle flow modeling. This approach involved continuously
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FIGURE 2
Contact interaction diagram (a)The force chain values in the figure are mainly distributed in the green value range, and it can be clearly seen that the
green force chains are interconnected with each other. (b) The introduction of the parameter disperses the original force by deformation, and the
green force chain in the figure becomes sparse. (c) The blue mesh connection represents an intact state of cementation. (d) Natural contact state of
the force-free chain after displacement is returned to 0.

adjusting the four key parameters until the test results matched
the actual values. The PFC2D was chosen for the calibration to
simulate uniaxial compressive testing of rocks, and Table 1 shows
the fine-scale parameters of the above commissioning. Figure 3
presents the results of the parameter sensitivity analysis.The analysis
is conducted by using the calibrated data as the base, applying a
fixed 1% fluctuation (both upward and downward) to the parameter
values, and observing the resulting changes in peak stress to assess
the sensitivity of these parameters. Table 1 is a summary table of the
sensitivities of the corresponding parameters.

3.4 Parameter calibration results

A laboratory UCS test is performed before calibration to
determine the compressive strength of the specimen.After obtaining
the stress-strain curves, the parameters of the numerically simulated
specimens are calibrated to align the simulated data with the actual
data. By continuously adjusting the parameters and comparing
them with the results of laboratory uniaxial compressive tests,
the values that best aligned with the actual experimental data
were determined through iterative trial and error. This step was
undertaken to confirm that these parameters apply not only to
uniaxial compression tests but also to all rock numerical simulations,
utilizing test results alongside conventional reference values from

TABLE 1 Main meso-parameters of the bond model.

Contact
parameter

Parameter
name

Value Level of
impact on
results

Pb_ten Tensile strength 6.7Mpa Decisive

Pb_coh Bonding force 12.5Mpa Decisive

Pb_fa Angle of internal
friction

34° Notable

Pb_emod Modulus of
elasticity

38.6Gpa Notable

Pb_kratio Normal-to-shear
stiffness ratio

3.38 Minor

Pb_mcf Moment-
contribution factor

0.25 Minor

mechanical tests. Table 2 presents a comparison of the parameter
calibration data.

Meanwhile, the actual experimental specimens and the
numerically simulated specimens exhibit similar structural damage
(Figure 4), which partially confirms the accuracy of the parameter
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FIGURE 3
Parameter sensitivity analysis. The images demonstrate the sensitivity
of the six tuning parameters to the peak stress. Scale 3 is the initial
standard parameter. The four scales before and after this scale are for
1% and 2% fluctuations up and down, respectively.

TABLE 2 Comparison of uniaxial compression tests.

Test name Experimental
value

Analog
value

Inaccuracies

Uniaxial
compression test

31.9 MPa 31.5 MPa 1.3%

The analog value was obtained from uniaxial experiments with PFC, specimens of the same
parameters.

calibration results. Figure 4 presents the uniaxial compression
experimental fracturing results on the left and the numerical
simulation results on the right. Both exhibit a high degree of
similarity in fracture morphology and distribution.

The modulus of elasticity obtained from the numerical
experiment is compared with its calibrated value to verify the
numerical experiment. The simulation test data must fall within
an acceptable error range relative to the actual data to ensure that
the final numerical model accurately represents the macroscopic
mechanical properties of sandstone. Figure 5 illustrates the
comparison of the uniaxial compressive test (UCS) results.

The error between the experimental and simulation results,
as shown in the figure, occurs because the material is assumed
to be a uniform continuum. This assumption stems from the
conventional intrinsic model, which is based on the principles
of continuum mechanics. However, at small strain stages, the
microscopic responses of the material—such as inter-particle
sliding, rotation, and reconfiguration of contact force chains—may
not be fully captured. PFC simulations explicitly capture these
discrete properties, whereas continuous models may introduce bias
due to oversimplification. Many constitutive models assume linear
elastic behavior at small strains, while real soil or granular materials
often display nonlinear elasticity—such as stress-dependent contact

stiffness—or initial anisotropy. Neglecting these nonlinearities at
the small strain stage can result in biased predictions of the stress-
strain curve. Errors can also arise from experimental measurement
inaccuracies, variations in boundary conditions, and the inherent
limitations of the discrete element method. However, this error is
stored in the base parameter calibration model and is corrected in
the model contact setup for subsequent simulations.

4 Numerical simulation of effective
stress

4.1 Environmental parameter setting

The triaxial compression consolidation undrained test simulated
in this experiment focuses on monitoring the rock’s pore water
pressure. Table 3 shows the experimental parameter settings.

During the test, the shear rate should be maintained between
0.5% and 1% per minute to ensure adequate variation in pore water
pressure under slow shear conditions. Three different confining
pressure values within the rock’s pressure range were selected to
investigate how variations in shear rate and confining pressure affect
pore water pressure and effective stress. It is worth noting that
the contact model parameters do not change when the peripheral
pressure and shear rate change, but the contact force, displacement,
and porosity do, and the specific changes are analyzed in the
following content.

4.2 Effect of loading rate on pore water
pressure

Using the test parameters from Table 1, data from each test
group were obtained and processed, resulting in the pore water
pressure outcomes displayed in Figure 6.The time step length shown
in the figure corresponds to the duration of the test and aligns
with its termination conditions. Analysis of the figure indicates that
variations in shear rate do not affect the minimum effective stress
when the confining pressure remains constant. However, the time
required to reach the minimum effective stress is affected. A faster
shear rate shortens the timeneeded to reach thisminimum,with step
size corresponding to strain. The time step represents the duration
required to reach the target strain. It is not predefined; instead, it
adjusts automatically based on the time needed to complete the
experiment.

When the pore water pressure reaches its maximum value, the
rate of change is related to the shear rate. Specifically, a higher shear
rate corresponds to a more rapid decrease in pore water pressure
from itsmaximumvalue.Themaximumvalue of porewater pressure
always depends on the confining pressure.The greater the confining
pressure, the higher the maximum value of pore water pressure.

As the confining pressure increaseswhile the total strain remains
constant, the effective stress may gradually fail to reach its peak,
resulting in the slope of the effective stress curve becoming zero. It
can be inferred that, under constant total strain, the effective stress
variation curve may gradually approach a straight line as confining
pressure increases.
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FIGURE 4
Comparison of UCS results. A high degree of similarity between actual experiments and numerical simulation results is demonstrated.

FIGURE 5
Stress-strain diagram. The two sets of experimental results in Figure 5
closely match the numerical simulation results, suggesting that the
model parameters are well calibrated.

4.3 Effect of confining pressure on pore
water pressure

The results above are all from the same pressure and different
shear rates. Figure 7 shows the data obtained for the same shear rate
and different pressure criteria.

From the figure, it is evident that under the same shear rate,
different confining pressures primarily influence the minimum
value of effective stress. Specifically, higher confining pressure

TABLE 3 Parameter settings for numerical experiments.

Termination
strain

Load rate (m/s) Confining
pressure (KPa)

0.15% 0.83 × 10−5 500

0.15% 1.12 × 10−5 800

0.15% 1.5 × 10−5 1,100

0.15% 1.67 × 10−5 1,400

0.15% 1.67 × 10−5 1700

The shear rate values in the table comply with the range specified in national standard
geotechnical test methods for triaxial testing, specifically between 0.1% and 0.5% strain
per minute.

leads to a higher peak in pore water pressure, causing the rock’s
effective stress to reach its minimum value. The pore water pressure
also tends to increase linearly with increasing confining pressure.
His growth curve exhibits a relatively straightforward primary
functional relationship within the range of envelope pressures
examined in this study.

At the same shear rate, the changes in confining stress within
the rock at different confining pressures coincide until they reach
a peak value. It shows that the effect of loading the confining
pressure on the rock pore water pressure is consistent until the
rock structure is not destroyed. This effect occurs mainly in the
period before the effective stress peaks.The changes produced by the
different confining pressures are all essentially similar, the process is
essentially the same, the differences mostly exist in the numerical
values, and the process is the same.

Frontiers in Earth Science 07 frontiersin.org

https://doi.org/10.3389/feart.2025.1572441
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Hu et al. 10.3389/feart.2025.1572441

FIGURE 6
Experimental data across varying loading rates. (a) Effect of different loading rates on pore water pressure under 0.5 MPa confining pressure. (b) Effect
of different loading rates on pore water pressure under 0.8 MPa confining pressure. (c) Effect of different loading rates on pore water pressure under
1.1 MPa confining pressure. (d) Effect of different loading rates on pore water pressure under 1.4 MPa confining pressure. (e) Effect of different loading
rates on pore water pressure under1.7 MPa confining pressure.

Increased confining pressure and loading rate alter the particle
contact force network through boundary loading. Higher peripheral
pressure increases the contact force between particles, causing
rearrangement that results in a denser structure and a reduction
in pore volume. On the other hand, high loading rates delay
particle adjustments, leading to localized stress concentrations and
uneven pore structure. Pour water pressure variations are influenced
by the interaction between fluid flow and the deformation of
the particle skeleton. Increased confining pressure compresses the

pore space, reducing the permeability coefficient and hindering
water migration. Meanwhile, a faster loading rate shortens drainage
time, exacerbating the accumulation of pore water pressure. As
the particle arrangement tightens, permeability decreases, creating
a positive feedback loop: increased pore water pressure leads
to a reduction in effective stress, making particles more easily
compressed and further decreasing permeability. This behavior is
consistent with previous studies on the same characteristic, such
as those by Bai et al. (2024), Bai et al. (2020). The characteristic
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FIGURE 7
Experimental data across varying confining pressures. (a) Effect of different confining pressures on pore water pressure at 0.0005 m/min loading rate.
(b) Effect of different confining pressures on pore water pressure at 0.0007 m/min loading rate. (c)Effect of different confining pressures on pore water
pressure at 0.0009 m/min loading rate. (d)Effect of different confining pressures on pore water pressure at 0.001 m/min loading rate.

FIGURE 8
Strain-Confining pressure-Pore water pressure coupled surface map. Consider the variation surface of the three coupled confining pressure, loading
rate and pore water pressure. X-axis is the strain. Y-axis is the perimeter pressure. Z-axis is the pore water pressure.

curve shows a steeper slope with higher peak pressure (indicating
a significant time effect) as the loading rate increases, while the
perimeter pressure remains fixed. At a fixed loading rate, an increase

in perimeter pressure results in an upward shift of the curve
and a rise in steady-state pore water pressure, primarily driven
by pore compression effects.
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4.4 Macro integrative analysis

Based on the above results, it is evident that effective stresses
respond to both the loading rate and confining pressure to
varying degrees. Therefore, in this study, the relationship between
pore water pressure, strain, and envelope pressure was analyzed
comprehensively and their previous nonlinear relationshipwas fitted
as shown in Figure 8. The analysis based on the results suggests that
this is related to the double effective stress, which is very significant.
Intrinsic deformation and structural deformation occurred in the
specimen. The structural deformation resulted in denser particles
inside the specimen, which usually occurred at the place where
the contact stress was most intensive. Under the action of dual
effective stresses, as the specimen body deformed, the structure
also deformed accordingly, resulting in the pore water pressure first
increasing and then decreasing. Pore volume changes are caused by
changes in particle arrangement.

Under the loading of the confining pressure, a certain degree of
structural damage occurs in the specimen. The destruction of the
main skeleton of the specimen leads to a significant change in the
effective stress. The stresses borne by the particle skeleton of the
specimen will be partially released during the damage process, and
the corresponding pore water pressure will decrease after reaching
the peak value. It is demonstrated that the decrease in pore water
pressure after reaching the peak value is not perfectly symmetrical
with the initial increase during loading. The 3D surface in Figure 8
illustrates that the image gradually develops into a cone shape as the
confining pressure increases.

5 Multifaceted analysis based on PFC

5.1 Physical fields analysis

Another advantage of numerical simulation of effective stresses
over traditional tests is that changes in microstructure before and
after the test can be observed more clearly and easily. Additionally,
post-processing of experimental results using Python facilitates
more convenient microstructural characterization.

Themost influential factor in this experiment isporosity.Typically,
porosity for a specific type of rock is represented as an average value.
However, it is challenging to observe porosity and its distribution
at specific locations within the rock mass. The advantage of the
PFC2D model lies in its ability to flatten the 3D structure, allowing
for clearer observation of porosity distribution. In this study, post-
processingutilizedPythontogridamodelofmore than6,000particles,
calculating and summarizing the porosity for each grid to create a
porosity cloud (Figure 9) This clearly shows that porosity decreases
before and after the application of confining pressure. The skeleton
particles are displaced to varying degrees, compressing the internal
space and increasing particle contact. The pore water pressure before
and after particle displacement exhibits a parabolic shape, which
corresponds to a decrease in effective stress followed by an increase.

Vector analysis of the force chain is then conducted. Using
Python, the directional components of each force chain are parsed,
allowing for the determination of their magnitude and direction.
This analysis enables the plotting of a fitness analysis of the force
chain, as illustrated in Figure 10. The force chain before loading

displays an irregular distribution due to the random generation of
particles and free contact. In contrast, the loaded rockmodel exhibits
a regular distribution of the force chain, influenced by the confining
pressure. The boundary of the enclosing action experiences the
greatest force, which is transmitted to the center, the point farthest
from the boundary.This supports the general rule that the direction
of effective stress transfer is from the boundary toward the center.

Finally, displacement analysis was conducted using the
same method, along with displacement images from the
actual model (Figure 11, where the top shows the magnitude and
direction of the displacement, and the bottom displays actual model
displacement monitoring. The vector cloud map is oriented at 0°
horizontally, directed to the right from the center of the model.).
The application of confining pressure in this model maximizes
the displacement at the boundary corners, while displacements
further from the boundary corners areminimized.Thedisplacement
direction reflects the direction indicated by the resultant of the
vectors associated with the different confining pressure directions.
By analyzing the displacement images of the particles, the direction
of displacement and the specific expansion trend of the rock skeleton
under confining pressure can be clearly understood. The response
mechanism of effective stress during this process indicates that
effective stress increases whenever a displacement occurs in the
same direction as the confining pressure.

5.2 Effective stress analysis based on
physical fields

In summary, the spatial structure, force, and displacement are
analyzed as a triple-resultant coupling to understand their impact
on effective stresses.

At lower loading rates, no structural damage to the rock was
observed.The simulated triaxial compression consolidation without
drainage was conducted at controlled loading rates ranging from
0.00001 m/s to 0.0001 m/s. Within this range, the displacement,
force chain, and pore structure of the particles showed no abnormal
variations, all exhibiting regular changes under the influence
of confining pressure. At low loading rates, the effective stress
characteristic curve of the rock model decreases nonlinearly before
stabilizing at a specific value, which is determined by the magnitude
of the confining pressure.This process is accompanied by changes in
the pore structure, force transmission direction, and the directional
displacement of the particles.

Changes in effective stresses are strongly influenced by
mechanical parameters at low confining pressures and less so at
higher confining pressures. The fluctuations caused by specific
mechanical parameters remain constant, significantly impacting
the results at low confining pressures, but becoming less prominent
as confining pressure increases. This diminished effect at higher
pressures is consistent with the findings of Mian et al. (2000), who
noted that fracture toughness plays amore significant role in fracture
behavior under lower confining pressures and a smaller role under
higher confining pressures.

Under high confining pressure, the rock’s effective stress
decreases over time. Structural damage to the rock leads to a
sharp decline in effective stress, altering the stress state in different
locations within the rock. This, in turn, affects the kinematic
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FIGURE 9
Pore cloud map. The cloud view illustrates changes in pore water pressure before and after loading, with the pre-loading image as (a) and the
post-loading image as (b).

FIGURE 10
Contact force polar plot. The picture shows the force chain vector cloud before and after loading, the direction is 0° direction horizontally to the right
with the specimen proper center as the origin. (a) is the force chain vector cloud before loading, (b) is the force chain vector cloud after loading.

behavior of the entire rock system or layer. The influence of fluid-
solid coupling should be considered when studying and predicting
rock stability and kinematic behavior.

The numerical value of the rock’s effective stress gradually
converges to a constant as peripheral pressure increases. Higher
confining pressure leads to a decrease in effective stress and
an increase in pore water pressure. The impact of structural
damage on effective stress under larger changes in peripheral
pressure varies, influencing the final effective stress to different
degrees. As peripheral pressure rises, changes in effective stress
become smoother or nearly linear.

As the confining pressure continues to increase, the graph
approaches a diagonal line with a slope (K value) of 1, passing
through the origin.The increase in confining pressure causes greater
deformation in the rock, reducing the distance between particles.
This decrease in porosity, coupled with the rise in pore water
pressure, further affects the effective stress. When the confining
pressure reaches a critical threshold, the rock’s pores begin to close,
reducing the influence of pore water pressure. At this point, the
rate of change in effective stress stabilizes. As confining pressure
continues to rise, the rock’s porosity decreases further, and the
effective stress stabilizes, exhibiting a more linear trend.
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FIGURE 11
Displacement polar plot. The picture shows the displacement vector cloud after python processing after loading compared with the displacement
scalar map that comes with the software, the direction is the 0° direction with the specimen proper center as the origin and horizontally to the right. (a)
is the displacement vector cloud after python processing, (b) is the displacement scalar cloud of the software.

6 Conclusion

In this study, a numerical coupled hydraulic model was
developed using the inverse calibration method to determine the
appropriate values for microscopic parameters, including tensile
strength, cohesion, angle of internal friction, and modulus of
elasticity. The model’s pore cloud maps, displacements, and polar
plots of contact forces were generated using the built-in Python tools
of the discrete element software.These outputs were used to analyze
the dynamic evolution of pore water pressure in conjunction with
the redistribution of effective stress. A detailed analysis of pore water
pressure under experimental conditions, controlled by confining
pressure and loading rate, shows that the effective stress response
of the specimens under constant confining pressure consistently
exhibits peak intensity characteristics when the loading rate is
within the quasi-static range. A strong positive correlation exists
between the confining pressure stress level and the peak effective
stress. During the pre-peak stage, when the structural integrity of
the samples remains intact, the effective stress evolution follows
a nonlinear pattern of decreasing and then increasing, with the
final value asymptotically converging to the peripheral confining
pressure level.
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