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Abstract

Broken gangue in goafs exhibits complex mechanical deformation and seepage evolu-
tion under coupled loading and hydraulic action, which directly affects the hydraulic
stability and water-hazard prevention of mining engineering. In this study, a systematic
investigation was carried out to elucidate the evolution of seepage characteristics in a
granular broken-rock assemblage under coupled hydraulic–mechanical loading. Four
mono-sized specimen groups with particle-size ranges of 5–10 mm, 10–15 mm, 15–20 mm,
and 20–25 mm were prepared. Using a modified rock triaxial–hydraulic testing system,
nominal uniaxial compression tests, triaxial compression tests under different moisture
conditions, and staged axial loading–seepage coupling tests were conducted. The results in-
dicated pronounced particle-size effects: with increasing particle size, the nominal uniaxial
compressive strength decreased (maximum reduction of 41.26%), while the crushing ratio
increased (from 0.99% to 28.89%). The compression–densification process exhibited a staged
evolution characterized by “slow increase–rapid increase–stable increase.” Water-induced
deterioration intensified with increasing water content, and the compressive strength re-
duction reached 29.8% under saturated conditions. The evolution of seepage behavior was
jointly governed by loading rate and particle size. Both pore pressure and pore-pressure
gradient increased with loading rate. The permeability–porosity relationship was nonmono-
tonic, with an inflection occurring at a porosity of approximately 0.30–0.32, accompanied
by an order-of-magnitude variation in the Darcy-flow deviation factor, indicating a progres-
sive nonlinear deviation from Darcy behavior. These observations reflected a competitive
mechanism involving “compaction-induced flow resistance increase–fragmentation and
rearrangement–local channel regeneration.” Numerical simulations performed in COM-
SOL6.2 further confirmed, at the microscopic level, that the development of preferential
local seepage channels and the expansion of stagnant-water zones were the fundamental
causes of locally enhanced seepage capacity under an overall compaction background. The
findings provide a theoretical basis for understanding water–rock interaction mechanisms
in goafs and offer reference for mine water-hazard mitigation and groundwater resource
protection.

Keywords: broken rock; particle-size effect; non-darcy seepage; water-induced deterioration;
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1. Introduction
In underground coal mining, goafs are commonly filled with broken gangue formed

during roof collapse and strata movement. This broken gangue mass exhibits highly hetero-
geneous mechanical and seepage behavior under coupled compression and groundwater
action, which is closely related to water inrush prevention and hydraulic stability in min-
ing engineering [1–9]. Compared with intact rock, broken-rock masses in goafs exhibit
highly discrete particle sizes, unstable grain contacts, strongly evolving pore structures,
and pronounced flow-path heterogeneity. Their seepage behavior is therefore governed
not only by external stress and water pressure, but also by particle crushing, gradation
reconstruction, and local channel adjustment [1–4,6,8]. Clarifying the hydro-mechanical
seepage mechanism of broken rocks during compression is thus essential for improving
water-hazard prediction and seepage assessment in mining environments.

Previous studies have shown that broken-rock masses, crushed coal, and broken
gangue generally exhibit nonlinear compression and non-Darcy seepage under triaxial
stress or high hydraulic gradients, and that permeability and non-Darcy-flow parameters
are strongly correlated with porosity, gradation, and effective stress [10–14]. Particle size
and gradation also play a significant role in controlling the static and dynamic mechani-
cal response of water-bearing granular geomaterials [15]. These results indicate that the
hydraulic behavior of broken media is jointly controlled by compaction, particle rearrange-
ment, pore-throat contraction, and conductive-structure evolution, rather than by stress
alone [10–15].

Water further acts as more than a transport medium; it can substantially weaken rock
strength, accelerate damage accumulation, and alter seepage-related structural evolution.
Experimental studies on different rock types and structural surfaces have demonstrated
that immersion, pore-water pressure, and hydro-mechanical or thermo-hydro-mechanical
coupling can significantly affect strength, deformation, energy dissipation, crack propaga-
tion, and permeability-related responses [16–24]. At the microscale, particle-flow-based
crack-contact modeling and studies on damage deformation and energy dissipation under
stress-path effects have also provided useful insight into contact evolution and structural
adjustment during loading [25,26]. These findings collectively indicate that water–rock
interaction and stress-path effects can fundamentally alter the mechanical basis of rock
or granular skeletons, thereby affecting their subsequent seepage behavior. Recent stud-
ies have also shown that repeated thermal shock and liquid-nitrogen cooling can induce
progressive fracture evolution, microstructural damage accumulation, and permeability-
related structural adjustment in granite, further highlighting the important role of fracture-
network evolution in seepage behavior [27].

Considerable progress has also been made in modeling nonlinear seepage in fractured
and broken media. The Forchheimer equation, Ergun-type relations, and their exten-
sions have been widely used to characterize non-Darcy-flow and parameter evolution
in broken-rocks, crushed coal, and fractured granite, with increasing consideration of
porosity, gradation, stress, and temperature effects [10–14,28]. Meanwhile, numerical ap-
proaches for mine inflow prediction, water inrush analysis, and coupled hydro-mechanical
behavior in fractured rock masses have been developed using three-dimensional ground-
water models, damage-based hydro-mechanical formulations, and tensor-based continuum
representations, including COMSOL6.2 (COMSOL, Inc., Burlington, MA, USA)-based
implementations [5,6,8,9]. However, these studies have mainly focused on intact rocks,
single-fracture systems, or structure-controlled seepage, while systematic understanding
remains limited for broken rock assemblages in goafs, particularly regarding the coupled
evolution of compaction, pore-structure reorganization, preferential flow channels, and
retained-water zones during seepage.
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Therefore, although previous studies have separately advanced the understanding of
mining-induced seepage, non-Darcy-flow, water-induced degradation, and multiphysics
damage evolution, three major gaps remain. First, particle crushing, gradation reconstruc-
tion, water-induced weakening, and seepage-parameter evolution are often investigated
independently rather than within a unified broken-rock framework. Second, porosity
is commonly treated as a static parameter or empirical variable, making it difficult to
capture the feedback between particle migration, internal erosion or fine-particle fluidiza-
tion, and conductive-structure reorganization [10,11,13,14]. Third, while macroscopic
changes in pore pressure, pressure gradient, and permeability have been reported, the
pore-scale mechanisms linking local channel restructuring, preferential seepage develop-
ment, and retained-water evolution to macroscopic nonlinear flow remain insufficiently
explained [6,8,9,28].

Against this background, this study focuses on broken rocks in goafs and investigates
the role of particle size through coupled triaxial–hydraulic experiments and numerical
simulation. The objectives are to characterize the compression, particle crushing, and
gradation reconstruction behavior of broken rocks with different particle sizes; to reveal
the dynamic evolution of pore pressure, pressure gradient, permeability, and non-Darcy
deviation during staged loading and seepage coupling; to establish a non-Darcy seepage
model with porosity as the key coupling variable; and to use COMSOL6.2 to interpret the
intrinsic relationship among pore compaction, local channel reorganization, preferential-
flow development, and retained-water-zone evolution. The study aims to provide a unified
perspective on the linkage between structural evolution and nonlinear seepage response in
broken rocks under hydro-mechanical coupling.

2. Experimental Materials and Methods
2.1. Specimen Preparation and Testing

The experiments were carried out using a modified triaxial rock–hydraulic-pressure
coupled testing system, as shown in Figure 1. The system was equipped with a custom-built
large-scale triaxial confining-pressure apparatus for granular media, enabling coordinated
application of axial loading, confining-pressure control, and seepage (hydraulic) loading.
The hydraulic loading mode of the electro-hydraulic servo major axis is schematically
illustrated in Figure 2, which shows the principal hydraulic test configuration adopted in
this study. The rock specimens were collected from the edge of the goaf in the working
face of the No. 15 coal seam of a coal mine, at a burial depth of 420–450 m. They were
derived from naturally caved and fragmented roof strata in the goaf. Lithologically, the
rock is fine- to medium-grained feldspathic quartz sandstone, belonging to the coal-bearing
strata of the Carboniferous Taiyuan Formation and the Permian Shanxi Formation. It
represents a typical hard surrounding rock directly associated with coal deposits. The
major mineral constituents are quartz (65–72%) and feldspar (18–25%), with minor amounts
of clay minerals and lithic fragments. As such, it is a representative broken granular
medium commonly encountered in coal-mine goafs. After underground manual collection,
the samples were sealed for transport, then cleaned and oven-dried. After sieving, four
monodisperse particle-size groups, namely 5–10 mm, 10–15 mm, 15–20 mm, and 20–25 mm,
were selected as the test materials (Figure 3).
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Figure 1. General view of the TAW-2000 kN Microcomputer-Controlled Electro-hydraulic Servo
Triaxial Test System.

Figure 2. TAW-2000KN Microcomputer Control of Electro-hydraulic Servo Triaxial Test System.
(1. Axial-loading piston; 2. Large-scale triaxial confining-pressure chamber for granular media;
3. Hydraulic-pressure monitoring system; 4. Movable base plate; 5. Graduated measuring cylinder
(for discharge-volume monitoring); 6. Outlet monitoring sensor).

  
(a) (b) 

  
(c) (d) 

Figure 3. Single particle size experimental dispersion sample. (a) 5–10 mm; (b) 10–15 mm; (c) 15–20 mm;
(d) 20–25 mm.

During specimen assembly, particles were placed into the confining-pressure chamber
in five successive lifts. After each lift was placed, the material was compacted using a
micro-vibration device at a vibration frequency of 20 times per minute, for 2 min, with
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an amplitude of 25 cm, in order to reduce packing variability and improve the initial
consistency of the specimens, As shown in Figure 4. The assembled chamber was then
positioned beneath the servo-controlled loading frame. Axial loading was applied under
displacement control at a constant rate of 1 mm/min. When a distinct peak was observed
on the load–displacement curve, loading was continued to an additional axial displacement
of approximately 2.2 mm (≈4% axial strain based on the initial specimen height) and
was then terminated immediately. If no visually discernible peak occurred, the load
recorded at an axial displacement of 8.25 mm (15% axial strain) was defined as the nominal
uniaxial compressive strength. For seepage tests, the axial loading rate and seepage
flow velocity were systematically varied to evaluate the responses of pore pressure, pore-
pressure gradient, porosity, and permeability.

  

Figure 4. Microseismic compaction of broken-rock particles.

2.2. Theoretical Analysis and Methods

To describe the seepage behavior of broken rocks under the coupled effects of suffu-
sion (internal erosion), granular fluidization, and dynamic porosity evolution, a non-Darcy
seepage model for fracture water was developed within the framework of continuum
mechanics. Porosity was introduced as the key coupling variable to integrate the processes
of particle migration, permeability evolution, and flow-regime transition. The governing
equations constituted a closed system comprising the pore-fluid mass continuity equation,
the Forchheimer-modified momentum equation, the transport equation for fluidized par-
ticle migration, and the porosity evolution equation. As shown in Figure 5, this model
can comprehensively capture the dynamic seepage-response mechanism under coupled
water–rock interactions.

Figure 5. Dynamic response mechanism of seepage flow under water–rock coupling effect.

(1) Continuity equation for the pore fluid (in the pore space)

∂(ρϕ)

∂t
+∇ · (ρu) = I f (1)

t—Time variable, representing the temporal evolution of the pore-fluid system;
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u—Mean pore-fluid velocity (average interstitial/seepage velocity);
ϕ—Porosity of the granular (fragmented) rock mass;
I f —The increase in fluid-phase mass per unit bulk volume and per unit time due to

suffusion/internal erosion (i.e., the mass of solid particles entrained and fluidized into the
pore fluid). Units: kg3/(m3·s)

Under the assumption that the particle volume remains constant, the particle fluidiza-

tion rate can be expressed as
( I f

ρ f

)
∆t∆V, Therefore, under the assumption of constant

particle volume, the change in pore volume within a representative elementary volume
should be numerically equal to the volumetric increment of fluidized particles, as follows:

∂ϕ

∂t
∆t∆V =

I f

ρ f
∆t∆V, I f =

ρ f ∂ϕ

∂t
(2)

Thus, {
∂(ρϕ)

∂t +∇ · (ρu) = ρ f

(
∂ϕ
∂t

)
ρ = (1 − c)ρw + cρ f

(3)

(2) Governing equation for pore-fluid flow
Darcy’s law is only valid in the low-velocity regime; therefore, the Forchheimer

equation is adopted for high flow velocities. Reintroducing (i.e., substituting back) µ,
we obtain:

−∇p =
µ

k
u + βρ|u|u (4)

µ—Dynamic viscosity of the pore fluid;
k—Permeability of the porous medium;
β—non-Darcy coefficient;
ρ—Density of the pore fluid;
u—Average pore-fluid velocity.
The permeability is expressed as a function of porosity:

k = kr
ϕ3

(1 − ϕ)2 (5)

Herein, k denotes the permeability of the porous medium, ϕ the porosity, and kr the
calibrated coefficient incorporating microscopic parameters including particle size and
tortuosity. This model unveils a power-law relationship between permeability, the cube of
porosity, and (1 − ϕ)2. It is applicable to describing the permeability evolution of particle
packing media such as fractured rocks, and provides a parameter correlation basis for
seepage-stress coupling analysis.

Relationship between the non-Darcy coefficient β and the permeability k

β =
C√

k
(6)

Here, kr is the reference coefficient in the permeability–porosity relation, reflecting the
hydraulic conductivity level associated with the granular structure, and C is the empirical
coefficient linking the non-Darcy coefficient β to permeability. In the present study, the
adopted values are kr = 3.6 × 10−10 m2 and C = 0.5, which were calibrated based on the
experimental compaction–seepage response under the tested conditions.

The viscosity of the mixed fluid composed of water flow and fragmented rock parti-
cles was expressed using the relative viscosity correlation for water–sediment mixtures
as follows:

µ = µ0(1 + 2.5c) (7)
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µ0—The dynamic viscosity of particle-free water.
(3) Transport equation for the concentration of fluidized particles
During this evolution process, advection was the dominant mechanism, whereas

diffusion played a secondary role. Therefore, the diffusion term was neglected, yielding

∂(cϕ)

∂t
+∇·(cu) =

I f

ρ f
(8)

where the right-hand side represents the volumetric rate of change in fluidized particles
within the differential control volume per unit time. By combining the above equations, the
following expression was obtained:

∂(cϕ)

∂t
+∇·(cu) =

∂ϕ

∂t
(9)

(4) Porosity evolution equation
Before fragmentation, the granular rock particles form a solid skeleton. After being

fluidized by the water–particle mixture flow, they can be regarded as part of the mixed
fluid. Therefore, fluidization directly affects the variation (evolution) of the porosity of the
granular rock mass, leading to the porosity evolution equation:

∂ϕ

∂t
= λ(1 − ϕ)c|u| (10)

λ—Water-flow-induced fluidization factor of the granular rock mass
Here, λ characterizes the sensitivity of porosity evolution to seepage-induced particle

fluidization, whereas ucr denotes the critical seepage velocity for the onset of particle
motion/internal erosion. In the present study, λ = 30 m−1 and ucr = 2.0 × 10−2 m/s
were adopted based on calibration against the experimentally observed porosity evolution
and seepage-response characteristics.

Due to the occurrence of internal erosion, it follows that

∂ϕ

∂t
= λ(ϕm − ϕ)c|u| u >ucr (11)

ucr—Critical velocity for incipient motion of solid particles in a fluid
The non-Darcy seepage model for water flow in rock fractures is fully characterized

by the eight governing equations given above. The model involves four primary vari-
ables, p (Water pressure), c (Volume concentration), u and ϕ, and four derived variables,
k, ρ, β, and µ. Therefore, the system of equations is closed, and the model is well-posed
and valid.

Based on the similarity principle, the correspondence between the prototype and the
physical model is established. The maximum particle size of the fragmented rock in the
field goaf is 20 cm, whereas the representative particle size of the self-fabricated granular
model used in the laboratory is 5 cm. Accordingly, the geometric (length) similarity ratio is
determined as αL = 4. On the basis of similarity theory, the similarity constants for force
and stress are derived as follows:

Based on the similarity relationships among physical quantities, the definition of
force is

F = m × α (12)

The relationship between mass, density, and volume is

m = ρ × V (13)
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By substituting Equation (12) into Equation (13), the expression for the force similarity
constant can be obtained as

Hence,

αF = αρ = αV = αα =
αρ × α4

L
α2

t
(14)

where αF is the force similarity constant; αρ is the density similarity constant; αV is the
volume similarity constant; αα is the acceleration similarity constant; and αt is the time
similarity constant.

Since the indoor tests employed the same rock material as the field conditions (i.e.,
identical density), αρ = 1; therefore, αt = 1. Substituting αL = 4, αρ = 1 and αt = 1 into
Equation (14) yields

αF = α4
L = 44= 256 (15)

Based on the stress definition σ = F/S (where S is the loaded area), the stress similarity
constant can be derived as

ασ =
αF
αS

=
α4

L
α2

L
= α2

L (16)

Substituting αL = 4 into the above expression yields

ασ = 42= 16 (17)

The determination of the above similarity constants provides a theoretical basis for
parameter design. Combined with the similar gradation method to optimize the particle-
size distribution of the specimens, the experimental errors caused by scale effects can be
minimized to the greatest extent.

3. Results Section
3.1. Evolution of Particle Breakage and Gradation Reconstruction

Gradation reconstruction directly drives the continuous decrease in porosity. As
illustrated by the pore-evolution schematic in Figure 6, the underlying mechanism is
as follows: the breakage of coarse particles produces medium-to-fine fragments that ef-
fectively fill the large interparticle pores and the microcracks within particles, thereby
transforming the granular assemblage from a loose packing state to a dense, interlocked
(embedded) structure.

Figure 6. Schematic illustration of the evolution of pores and cracks.

Particle size plays a critical role in governing the mechanical response and break-
age characteristics of rock granular assemblies. To quantify this effect, nominal uniaxial
compression tests were conducted on specimens with four particle-size ranges, namely
5–10 mm, 10–15 mm, 15–20 mm, and 20–25 mm. The effects of particle size on the nominal
uniaxial compressive strength and breakage ratio were systematically analyzed, and the
results are summarized in Tables 1 and 2.
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Table 1. Nominal uniaxial compressive strength table.

Sample No. S1 S2 S3 S4

Nominal uniaxial compressive strength (MPa) 4.057 3.350 3.082 2.381

Table 2. Particle content and breakage rate of bulk samples before and after the test.

Sample No. Particle-Size
Range S1 S2 S3 S4

Pre-loading
content (%)

<5
5–10 100
10–15 100
15–20
20–25

100
100

Post-loading
content (%)

<5 1 0.51 0.11 0.08
5–10 99 5.85 1.73 1.25
10–15 92.64 12.57 10.12
15–20
20–25 85.59 17.44

71.11

Particle
breakage ratio (%) 0.99 7.36 14.41 28.89

Note: The particle breakage ratio is defined as the mass percentage of particles finer than the initial particle-size
range after loading relative to the total mass before loading.

As shown in Table 1, the nominal uniaxial compressive strength (UCS) of the rock
granular assemblage exhibits a pronounced negative correlation with particle size (good-
ness of fit: R2 = 0.98). When the particle-size range increases from 5 to 10 mm to 20–25 mm,
the nominal UCS decreases continuously from 4.057 MPa to 2.381 MPa, corresponding to a
reduction of 41.26%. This trend can be primarily attributed to the fact that smaller particles
tend to form a denser packing structure with a higher coordination number and lower
porosity, leading to stronger interparticle interlocking and confinement, thereby enhancing
the overall load-bearing capacity. In contrast, larger particles generally contain more devel-
oped inherent pores and microcracks and provide fewer effective contact points between
particles; during loading, stress is prone to concentrate at these defects, causing premature
failure of the load-bearing skeleton and a marked deterioration in compressive strength.

Table 2 summarizes the breakage evolution of specimens with different particle-
size ranges. The breakage ratios of S1 (5–10 mm), S2 (10–15 mm), S3 (15–20 mm), and
S4 (20–25 mm) were 0.99%, 7.36%, 14.41%, and 28.89%, respectively. The breakage ratio
exhibited a strict linear positive correlation with particle size (R2 = 0.99). After loading, all
groups showed a consistent pattern of gradation reconfiguration: the mass fraction within
the original particle-size interval decreased, whereas the fractions of smaller particles
(<5 mm, 5–10 mm, and 10–15 mm) increased. Moreover, a larger initial particle size
corresponded to a higher proportion of transformation into smaller size classes. This
behavior is attributable to the fact that larger particles typically contain more internal
defects and were therefore more prone to through-going fracture under loading, whereas
smaller particles were relatively more compact and primarily exhibited minor surface
abrasion or localized chipping, resulting in substantially lower breakage.

These findings suggest that smaller particles more readily form a stable load-bearing
skeleton with a higher coordination number and denser packing, resulting in greater nomi-
nal compressive strength. By contrast, larger particles, owing to their larger initial voids and
fewer effective interparticle contacts, are more vulnerable to breakage and rearrangement
under loading, thereby reducing the overall load-carrying capacity. Hence, the particle-size
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effect governs not only the mechanical response of granular broken rock, but also the
subsequent evolution of pore structure and the reconfiguration of seepage pathways.

The coupled action of particle breakage and gradation reconstruction exerted a dual
influence on the macroscopic properties of the broken-rock aggregate while improving
structural stability. After medium and fine fragments filled the void space, the number
of interparticle contacts and interlocking forces increased, forming a dense load-bearing
skeleton and reducing the susceptibility to subsequent deformation. Meanwhile, the
originally connected macropore channels were blocked by fragmented particles, and pore
connectivity shifted from macroscopic channel connectivity to connectivity through a
microscopic pore-network, directly affecting subsequent seepage behavior.

In summary, the compression–densification of broken rock was essentially a pore-
closure process driven by gradation reconstruction: breakage of coarse particles generated
medium-to-fine fragments → the gradation distribution became more uniform → voids
were continuously filled and closed → the granular structure became denser. This ex-
perimentally established sequence provided key evidence for investigating water flow in
goaf areas.

3.2. Stage Characteristics of Compressive Densification

The axial compression of the crushed-rock granular assemblage exhibited a pro-
nounced stage-wise evolution. As indicated by the stress–strain curves in Figure 7, no
distinct peak stress occurred during the compaction–densification process; instead, the
stress increased with strain in an approximately exponential manner. Based on the stress
growth rate, deformation mechanism, and pore-structure evolution, the S1 group was
excluded from the following analysis because its smaller particle size resulted in a relatively
dense initial packing state.

Figure 7. Stress–strain curve of crushed rock.

Based on the tangent modulus of the stress–strain curve (Et = dσ/dε, which is the
instantaneous slope) as the core quantitative basis, combined with the particle deformation
mechanism and pore evolution characteristics, the compression process of the S2 to S4
groups of specimens is divided into three typical stages. The stage boundaries are ob-
jectively determined by the two significant sudden change turning points of the tangent
modulus. The core characteristics of each stage are as follows:

(1) Slow-growth stage (dominated by pore compression and particle sliding)
This stage corresponded to an axial stress range of 0–1.2 MPa, and the axial strain

accounted for approximately 60% of the total deformation. It was characterized by low
stress but large deformation. Because the broken-rock aggregate exhibited a relatively high
initial porosity (the initial porosity of specimens with initial size ranges of 5–20 mm was
0.38–0.48), the early application of axial load primarily induced interparticle relative sliding
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and rapid filling/closure of the initial large voids, resulting in a slow increase in stress.
With continued axial loading, the rock particles experienced misalignment, interparticle
squeezing, and local damage/breakage, which further reduced the porosity.

During this stage, the resistance to deformation gradually shifted from being gov-
erned mainly by the initial granular fabric/structure to being governed increasingly by
the intrinsic strength of the rock material. Because pore filling and interparticle sliding
disrupted the original structure, the deformation was irreversible and was dominated
by plastic deformation, with no apparent elastic recovery. By the end of this stage, the
compaction stress reached approximately one-third of the nominal uniaxial compressive
strength, and the stress increase rate rose exponentially as densification progressed.

(2) Rapid-growth stage (dominated by particle breakage and structural reorganization)
This stage corresponded to an axial stress range of 1.2–3.2 MPa, and the axial strain

contributed approximately 20% of the total deformation. It was characterized by a high
stress increase rate and intensified particle breakage. After pore filling in the previous
stage, most mechanically unstable macropores had essentially closed; however, microcracks
remained. As the contribution of the original fabric to the mechanical response diminished,
the dominant factor controlling compressive strength shifted from a structural effect to a
material-strength effect.

During loading, the interparticle contact stress exceeded the compressive strength
of the individual particles, leading to through-going fracture and crushing of the larger
particles. The newly generated fine fragments continuously filled the residual micropores,
causing the porosity to decrease from 0.30 to 0.22, corresponding to a reduction of 26.7%.
Meanwhile, the stress growth rate increased significantly to 0.10–0.15 MPa/ε, which was
approximately 1.25–1.88 times higher than that in the preceding stage. Particle breakage
also induced stress fluctuations, manifested as slight oscillations in the stress–strain curve.
The stress eventually reached approximately 80% of the nominal uniaxial compressive
strength. Deformation in this stage remained predominantly plastic, although a small
elastic component was still present, as indicated by an unloading elastic recovery ratio of
approximately 5–8%.

(3) Stable-growth stage (dominated by elastic deformation)
This stage covered an axial stress range from 3.2 MPa to the end of loading, and the

axial strain accounted for approximately 20% of the total deformation. The stress–strain
response exhibited an approximately linear relationship, and the particle breakage rate
reached its peak. At this stage, a dense and stable load-bearing structure (skeleton) had
formed within the granular assembly, and particle breakage had essentially approached
saturation. The fragmented particles shared the compressive load relatively uniformly.

Deformation was dominated by elastic deformation, and stress and strain exhibited a
strictly linear positive correlation (R2 = 0.99). The stress increase rate remained stable at
0.10–0.15 MPa/ε, and the elastic recovery ratio upon unloading reached 15–20%. These
results further demonstrate that the compressive densification of crushed rock is not a
process of pore shrinkage alone; rather, it is a progressive densification process driven
by the coupled effects of pore compression, particle breakage, and structural reorganiza-
tion, ultimately forming a stable structure consisting of a dense granular skeleton plus
residual micropores.

Particle size, by affecting initial porosity and particle strength, indirectly regulates
the quantitative parameters of each stage: The large particle-size sample (S4) had a higher
initial porosity (0.48), leading to a broader stress range during the slow-growth stage
(0–1.5 MPa) and a higher strain proportion (65%). In contrast, the small particle-size sample
(S1) exhibited a lower initial porosity (0.38), resulting in a narrower stress range during the
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slow-growth stage (0–1.0 MPa), while the rapid-growth and stable-growth stages occupied
a relatively larger proportion of the deformation.

The initial framework formed by larger particles is characterized by more developed
and better-connected pores, and thus requires a longer compaction stage for pore filling
and closure to be completed. By comparison, granular assemblies with smaller particle
sizes exhibit a denser packing structure, allowing them to enter the load-bearing stage
dominated by elastic deformation at an earlier stage. Therefore, smaller particle sizes are
associated with a higher degree of compactness and densification.

The load-bearing capacity of the crushed-rock assemblage is largely determined by the
skeletal framework formed by coarser particles. Once this framework has developed, it is
less susceptible to rearrangement, which in turn contributes to an increase in compressive
strength. However, compared with the enhancement in load-bearing capacity provided by
the structural (fabric) effect, the contribution from the intrinsic material strength of the rock
is more pronounced.

During loading, the applied stress is transferred and carried through interparticle con-
tacts within the granular assemblage. Coarse particles play a dominant role because their
larger size increases geometric interlocking and makes particle sliding and rearrangement
more difficult, allowing them to sustain a substantial portion of the axial load. As a result,
the apparent (nominal) uniaxial compressive strength (UCS) of the specimen is governed
primarily by the presence and integrity of the coarse-particle skeleton. The medium-to-fine
particles originate partly from the initial infilling material and partly from the progressive
fragmentation of coarse particles. With continued loading, breakage of coarse particles
continuously supplies additional fines, which fill interstitial voids, improve contact coordi-
nation and interlocking, and promote densification and stabilization of the load-bearing
framework. This combined effect leads to an increase in the measured nominal UCS of the
crushed-rock aggregate.

3.3. Water-Induced Mechanical Degradation Characteristics of Gangue

Water, as a key component of the water–rock coupled system in the goaf, exerted
a pronounced weakening effect on the mechanical properties of crushed rock. Triaxial
compression tests were conducted under three moisture conditions—dry, naturally moist,
and fully saturated—while the confining pressure was maintained at 10 MPa. By comparing
the results across these conditions, the influence of water on rock strength and stiffness
was systematically evaluated. In conjunction with micro-mechanistic interpretations and
particle-size effects, the coupled mechanism among water, confining pressure, and particle
size was further elucidated. The experimental results and corresponding analyses are
presented as follows:

A comparison of the key mechanical parameters of the crushed-rock assemblage under
different moisture conditions is provided in Table 3 (with the S2 particle-size specimen
as an example). The results indicated that the water-induced degradation of mechanical
performance was manifested mainly by reduced strength, weakened stiffness, and en-
hanced plasticity, and that the degree of degradation became progressively more severe
with increasing water content.

As shown in Table 3, compared with the dry condition, specimens at natural moisture
content exhibited a 12.3% reduction in uniaxial compressive strength, a 16.8% reduction
in elastic modulus, and a 19.0% increase in Poisson’s ratio; for fully saturated specimens,
the reductions in uniaxial compressive strength and elastic modulus reached 29.8% and
5.2%, respectively, while Poisson’s ratio increased by 42.9%. These trends indicate that
moisture content is a key factor governing the mechanical behavior of rock, and that the
deteriorating effect of water is nonlinearly amplified with increasing moisture content.
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Table 3. Comparison of mechanical parameters of rock bulk under different water content conditions
(confining pressure 10 MPa, particle size 10–15 mm).

Moisture Condition Nominal Uniaxial Compressive
Strength (UCS) (MPa) Elastic Modulus (GPa) Poisson’s Ratio

Dry (moisture content = 0%) 3.82 1.96 0.21
Natural moisture condition
(moisture content = 3.2%) 3.35 1.63 0.25

Saturated condition
(moisture content = 6.5%) 2.68 1.27 0.30

The aqueous solution penetrated the rock matrix via inherent pores, primary microfrac-
tures, and interparticle contact interfaces, gradually forming interconnected channels for
water–rock interaction. The ingress of water weakened the interparticle bonding strength
and softened the particle material, thereby reducing the resistance of the granular assembly
to deformation. Meanwhile, the deterioration process facilitated the initiation of internal
microcracks, and the associated pore-water pressure further promoted crack propagation
and coalescence, undermining the integrity of the load-bearing skeleton. As a result of these
coupled processes, the macroscopic mechanical properties exhibited a significant decline.

Confining pressure mitigated water-induced deterioration by restraining the lateral
deformation of the granular rock mass and limiting crack opening. Under triaxial conditions
(σ3 = 10 MPa), the compressive strength of the saturated specimens increased by 42.5%
relative to that under uniaxial loading, and the elastic modulus increased by 31.8%. This
effect was primarily attributed to the ability of confining pressure to suppress crack sliding
and through-going crack coalescence, thereby delaying damage accumulation. Accordingly,
the failure pattern transitioned from brittle, through-going fracture to progressive, ductile-
type failure, and the post-peak instability became less abrupt, exhibiting a more gradual
softening response.

Particle size indirectly regulates the intensity of water-induced deterioration by con-
trolling the development of pores: larger particles (e.g., S4) contain more abundant primary
pores and fissures, allowing the aqueous solution to infiltrate and soften the material more
readily. Accordingly, under the fully saturated condition, the reduction in compressive
strength for S4 (32.6%) is significantly greater than that for smaller particles (S1, 24.1%).
In contrast, smaller particles pack more densely and exhibit lower porosity, which limits
water penetration and the extent of water–rock interaction; thus, the degree of deteriora-
tion is relatively mild. This confirms the trend that smaller particle size corresponds to
higher compactness.

The mechanical degradation of fractured rock induced by water reflects an intrinsic
material weakening, whereas confining pressure provides structural constraint and com-
pensation, and particle size governs the extent of deterioration. Together, these three factors
determine how the goaf rock mass bears load and becomes unstable under the influence of
water flow.

3.4. Evolution Pattern of Seepage Characteristics

Under the coupled action of stepwise axial loading and seepage, the seepage response
of the crushed-rock specimens showed strong dependence on both loading-rate and particle-
size effects. For comparative analysis of the evolution patterns and characteristics of
seepage-related parameters, the two particle-size groups S1 and S4 were selected because
their size contrast was more pronounced and therefore more representative. Since the
water pressure applied to the S1 specimens was slightly reduced during the final loading
stage, and the duration of the final loading step was extended to 100 s for both groups,
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the absolute values obtained at the last step were not directly compared. In general, pore
pressure increased continuously with increasing axial load in both groups, indicating
that external compression progressively promoted compaction and rearrangement of the
granular framework, which in turn intensified the constrained-flow behavior of the fluid
within the pore network.

Representative pore-pressure–time curves showed that the S1 specimens were more
sensitive to changes in loading rate. When the loading rate was increased to 40 mm/min,
the pore pressure exhibited a distinct step increase. When the loading rate was further
increased to 45 mm/min, pore pressure continued to rise, but the rate of increase became
smaller. This pattern indicates that the fine-particle system entered a rapid structural adjust-
ment regime near 40 mm/min. During this stage, particle interlocking, localized particle
crushing, and fine-particle migration occurred concurrently, resulting in a concentrated rise
in pore pressure.

By contrast, the pore pressure in the S4 specimens showed a progressively enhanced
response as the loading rate increased, with the cumulative effect becoming more evi-
dent under higher loading rates. This behavior indicates that the coarse-grained frame-
work more readily developed localized high-resistance zones under external loading,
and that particle breakage and flow-path adjustment exhibited stronger hysteresis and
spatial non-uniformity. The fluctuations in the curves corresponded to transient pro-
cesses in which particle breakage, pore-throat clogging, and local re-opening (unclogging)
occurred alternately.

The relationship between pore-pressure gradient and seepage (Darcy) velocity further
characterized the evolution of seepage resistance. Overall, the pore-pressure gradient ex-
hibited an approximately linear decreasing trend with increasing seepage velocity, whereas
it shifted upward as the axial loading rate increased, indicating that accelerated loading
promoted the accumulation of internal flow resistance within the specimens.

For the S1 specimens, the pore-pressure gradient changed only marginally at
15 mm/min and 20 mm/min, suggesting that, under low loading rates, rearrangement
of the particle framework was limited and the seepage field response remained weak.
When the loading rate increased to 40–45 mm/min, the pore-pressure gradient increased
markedly, showing a distinct rate-threshold behavior.

For the S4 specimens, the pore-pressure gradient reached its maximum at 45 mm/min
and displayed a stronger higher-order response than at other loading levels, indicating that
the coarse-grained system more readily developed heterogeneous high-resistance zones
under rapid loading. As loading continued, the pore-pressure gradient–seepage velocity
curves evolved from an approximately linear form toward smoother nonlinear curves,
reflecting a progressive deviation from Darcy flow and a more evident nonlinear seepage
response under rapid loading.

As porosity changes, permeability generally shows attenuation under compaction
control and partial recovery following local reorganization, with a turning point appearing
around a porosity of 0.30–0.32. Meanwhile, the non-Darcy deviation factor changes by
approximately an order of magnitude and undergoes noticeable adjustment within a similar
porosity interval. As Figures 8 and 9 are presented before Figures 10 and 11, the latter are
primarily intended to summarize the loading-rate-dependent evolution trends, and their
interpretation should be made in conjunction with the error analysis already added to the
preceding data figures. The relationship of permeability and the non-Darcy deviation factor
with porosity evolution, as summarized in Figures 10 and 11, suggests that the flow capacity
of fractured rocks does not follow a simple monotonic trend, but instead exhibits distinct
staged characteristics. The permeability–porosity relationships and permeability–Darcy
flow deviation factor relationships are presented in Figures 12 and 13, respectively.
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This suggests that the overall change in porosity does not directly correspond to the
synchronized change in effectively connected pores. During the early stages of evolution,
particle compaction, fine-grained filling, and pore throat contraction dominate, leading
to a reduction in effective flow paths and an increase in seepage resistance. As loading
intensifies, the particle framework undergoes reorganization, and local preferential flow
channels may reopen, causing a permeability inflection point or local recovery.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 8. Pore pressure–time curves and error analysis of S1 group under different axial loading
rates. (a) axial displacement rate 15 mm/min; (b) axial displacement rate 30 mm/min; (c) axial
displacement rate 40 mm/min; (d) axial displacement rate 45 mm/min; (e) error analysis.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9. Pore pressure–time curves and error analysis of S4 group under different axial loading
rates. (a) axial displacement rate 15 mm/min; (b) axial displacement rate 30 mm/min; (c) axial
displacement rate 40 mm/min; (d) axial displacement rate 45 mm/min; (e) error analysis.

Figure 10. Pore-pressure gradient–seepage velocity curves of the S1 group at different axial
loading rates.
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Figure 11. Pore-pressure gradient–seepage velocity curves for the S4 rock specimens at different axial
loading rates.

Figure 12. Permeability–porosity curves for the S1 and S4 groups.

 
Figure 13. Permeability–Darcy-flow deviation factor curves for the S1 and S4 groups.

Comparative results across specimens with different particle sizes indicated that parti-
cle size affected not only the absolute magnitude of seepage-related parameters but also
the stability and dispersion of their evolutionary trajectories. The S1 specimens exhibited a
more distinct critical axial loading-rate feature in their seepage response, consistent with
more extensive interparticle contacts in the fine-grained assemblage and a relatively concen-
trated mode of structural adjustment. In contrast, the S4 specimens showed substantially
greater scatter: even at the same porosity, permeability still differed by 1–2 orders of magni-
tude, reflecting stronger irregularity in stress-induced particle crushing, open-framework
reconfiguration, and the development of localized preferential flow channels in the coarse-
grained system. Overall, the seepage behavior of fractured rock evolved under the coupled
influence of three mechanisms, namely compaction-induced flow resistance enhancement,
particle crushing and rearrangement, and local channel regeneration. The axial loading
rate governed the intensity of evolution, whereas particle size controlled the degree of
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heterogeneity in structural reorganization; together, they dominated the pore-pressure
response, variations in the pore-pressure gradient, and the staged evolution of permeability
and non-Darcy characteristic parameters.

4. Non-Darcy Seepage Model and Numerical Simulation Analysis
To characterize the suffusion (internal erosion)-induced particle fluidization, porosity

evolution, and nonlinear seepage response of crushed rock, a pore-structure dynamic-
adjustment mechanism was incorporated into the conventional seepage formulation. In
light of the persistent pore-structure alteration, the evolution of seepage parameters, and the
repeated reorganization of localized preferential flow channels in goaf crushed-rock masses
subjected to long-term loading and seepage, the fluid-transport process was described
within a continuum-mechanics framework and reduced to a one-dimensional seepage
problem. Based on this treatment, a non-Darcy seepage model coupled with rock compres-
sion was developed. Porosity was taken as the key state variable governing particle loss,
permeability evolution, changes in non-Darcy-flow characteristics, and flow-regime transi-
tions, thus establishing a unified theoretical framework for describing the time-dependent
seepage evolution of crushed rock.

At the level of model assumptions, disconnected pores were incorporated into the
solid skeleton, whereas connected pores that participated in seepage were treated as the
effective flow domain; accordingly, the interstitial (pore) velocity was taken to be explicitly
dependent on porosity. When the seepage velocity reached a prescribed threshold, the
fine particles were assumed to enter a fluidized state with an approximately constant solid
volume, and together with the water phase form a particle–water mixture that was modeled
as a single mixed fluid. The medium was assumed to remain fully saturated throughout
seepage, with limited macroscopic deformation and negligible bulk displacement of the
particle assembly. In addition, suffusion (internal erosion) was assumed to weaken the
stability of the granular skeleton and alter the pore structure; the resulting pore-structure
evolution, in turn, regulated seepage capacity, thereby forming a coupled positive-feedback
mechanism between suffusion and seepage.

Based on the above premises, the model treated the pore pressure p, fluidized-particle
concentration c, mean fluid velocity u (154.55 × exp (0.0254 t/60)/1000 Pa/s), and porosity
ϕ as the primary variables, and regarded the permeability k, fluid density ρ, non-Darcy
coefficient β, and dynamic viscosity µ as secondary (derived) variables. To validate the
proposed theoretical framework, a compaction–seepage coupled numerical model for
crushed rock was developed in COMSOL6.2.

The geometry was constructed using a CT-reconstructed granular gangue assembly as
the prototype and was represented by a cylindrical specimen with a diameter of 50 mm and
a height of 100 mm. The loading path was implemented as stepwise axial loading, with
the axial stress increased progressively from 25 MPa to 125 MPa, or until specimen failure
occurred. Physical experiments are mainly used to obtain the compaction, fragmentation
and seepage response laws of crushed rocks within the loading range achievable in the lab-
oratory, and to constrain the parameters of numerical models based on these. The purpose
of numerical simulation is to analyze the reorganization of pore structure under higher
compaction states. It is not to reproduce the laboratory tests step by step, but to explore
the possible mechanisms of the evolution of local flow channels and the enhancement of
non-Darcy seepage. The simulation comprised 80 solution steps, grouped into five stages
(16 steps per stage). In each stage, the axial stress was ramped to the target value in the
first step and then maintained under constant load for the subsequent 15 steps.

Regarding the seepage boundary conditions, the inlet pressure was applied in a
stepwise manner up to 4 MPa, whereas the outlet pressure was fixed at 0 Pa. Under
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these conditions, the numerical model was able to reproduce the compaction behavior and
seepage evolution of crushed rock subjected to the coupled effects of long-term loading
and seepage at a scale comparable to the laboratory experiments.

Numerical simulation enabled further analysis of the spatial heterogeneity of the
pore structure and the local seepage field before and after compression. By comparing
the uncompressed state, representative pore morphologies before and after compression,
and selected local micro-element regions, the mechanisms responsible for the increase in
seepage velocity under high hydraulic pressure, the development of flow pathways, and
the increase in retained (stagnant) water were interpreted more directly.

As shown in Figure 14, the pore space within the specimen in the uncompressed state
exhibited pronounced spatial heterogeneity. Macropores were mainly developed along
weak particle-contact zones and interparticle interfaces, whereas meso- and micropores
were dispersed within the granular skeleton. The three orthogonal slices indicated that,
although the initial pores showed a certain degree of connectivity, the pore network was
dominated by discrete pore throats, and preferential flow channels had not yet been fully
established. Prior to loading, the specimen therefore possessed a relatively large pore
volume available for water storage, while the flow paths were tortuous and associated with
high local hydraulic resistance, which constituted the structural basis for subsequent pore
closure and pathway reorganization during compaction.

Figure 14. Spatial distribution characteristics of pores in uncompressed crushed rock.

During the compaction–densification process, the porosity decreased monotonically.
The initial porosity was 0.48 and decreased to 0.22 at the end of loading, corresponding
to a total reduction of 54.2%. During the axial loading stage, the porosity decreased more
rapidly at a rate of 0.002 min−1, primarily due to the rapid filling of macropores. During
the constant-load stage, the porosity reduction rate decreased to 0.0008 min−1, and the
evolution was dominated by micropore closure and particle interlocking/embedding
(Figure 15).

 
Figure 15. Porosity–time curve of the rock.
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Water pressure exerted a significant inhibitory effect on porosity evolution. Under high
water pressure (4 MPa), the porosity reduction rate was 0.0006 min−1, representing a 37.5%
decrease compared with the rate under atmospheric pressure (1 MPa) (Figure 16). This effect
resulted from the confinement of the pore water, which hindered particle rearrangement
and interlocking, delayed the filling of pores by medium- and fine-sized particles, and
indirectly affected the densification efficiency associated with grain-size redistribution.

Figure 16. Axial stress–porosity curve of the rock.

As shown in Figure 17, the compression process significantly alters the geometric
shape and connectivity of the pores, and the pore evolution is highlighted in blue. Although
the visual differences in the pore filling state before and after compression are subtle at
the scale of the overall macroscopic cylindrical sample, pronounced differences can be
observed in the evolution characteristics of the pore structure at the microscopic scale in
locally magnified views.

  

Figure 17. Comparative microelement images of water-filled pores before and after compression.

Compared to before compression, the number and volume proportion of large pores
significantly decrease after compression, and the sheet-like and fissure-like pores tend
to contract, while isolated pores gradually transform into slender channels. At the same
time, a small number of through pores are still retained in local areas, indicating that the
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compaction process is not simply a uniform closure but involves the redistribution of
local channels after particle rearrangement. This microstructure remodeling phenomenon
directly explains the physical mechanism behind the inflection point or recovery of per-
meability in the local porosity range (approximately 0.30–0.32) mentioned earlier—that is,
in the overall compaction context, the local dominant flow paths may be re-established
through particle reorganization, forming new flow channels.

To further examine the local seepage response, a representative elementary volume
(REV) was extracted from the interior of the specimen for detailed observation (Figure 18).
The velocity contour map within the REV showed that high-velocity zones were concen-
trated mainly along longitudinally connected pore throats, whereas low-velocity zones
occurred near pore-enlargement segments and in the vicinity of locally occluded regions,
indicating a pronounced channelized flow pattern. Therefore, while the overall porosity
continues to decrease, the fluid does not flow uniformly through the medium but instead
preferentially passes through a few more connected channels. The non-Darcy effect grad-
ually strengthens during this local accelerated flow. The above microstructure evolution
(Figure 17) and the micro-flow field characteristics (Figure 18) mutually confirm each
other, jointly providing direct structural evidence for the occurrence of the permeability
turning point.

Figure 18. Extracted representative elementary volume and internal flow-velocity distribution.

As shown in Figure 19, when the inlet water pressure increased from 1 MPa to 4 MPa,
the high-flow features on the local pore surfaces expanded from discrete patches to a
continuous sheet-like pattern, and the evolution of seepage channels is highlighted in blue.
Concurrently, the number of preferential flow channels increased, and their connected
lengths became greater, indicating that elevated water pressure markedly promoted the
activation and propagation of previously weak flow pathways. Increasing water pressure
not only raised the driving force for flow through pore throats, but also promoted hydraulic
connectivity among pores, causing seepage to evolve from dispersed flow to directional
flow concentrated along the primary channels.

Figure 20 further indicated that, as the water pressure continued to increase, the
primary seepage channel in the local region developed further, while the low-velocity
zones and stagnant-water zones surrounding the channel expanded simultaneously. This
result shows that, under high water pressure, the fragmented specimen exhibited not only
enhanced throughflow capacity, but also increased local water-storage capacity, with a
prolonged water residence time within the complex pore network. These observations
are consistent with the previous analysis that high water pressure suppressed porosity
reduction and retarded particle rearrangement, indicating that water pressure influenced
the compaction process and, at the same time, regulated the evolutionary pathway of
seepage behavior by altering the local flow-field distribution.
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(a) (b) 

  
(c) (d) 

Figure 19. Development characteristics of local seepage channels under different water-pressure
conditions. (a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa.

  
(a) (b) 

  
(c) (d) 

Figure 20. Evolution of local stagnant-water zones under different water-pressure conditions.
(a) 1 MPa; (b) 2 MPa; (c) 3 MPa; (d) 4 MPa.

The numerical simulation results indicated that axial compaction caused the overall
porosity of the fractured rock to decrease continuously, with large pores closing prefer-
entially and micro-pore throats progressively compressing. Concurrently, as the water
pressure increased, the local preferential seepage channels were reactivated and extended,
and the stagnant-water zones expanded simultaneously, indicating the coexistence of
enhanced flow capacity and adjusted water-storage space. These findings suggest that
the evolution of seepage characteristics in fractured rock is fundamentally driven by the
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combined effects of pore compaction, channel reorganization, and redevelopment of local
flow-guiding structures.

5. Conclusions
Particle-size effects govern both mechanical and seepage behaviors of broken rock. As

particle size increased, the nominal uniaxial compressive strength decreased (maximum
reduction 41.26%), while the breakage ratio rose from 0.99% to 28.89%, and the pore-filling
stage during compaction densification was prolonged. Gradation reconfiguration is the
fundamental driver of pore closure and structural densification.

The compaction–densification process evolves in distinct stages: a slow-growth stage,
a rapid-growth stage, and a stable-growth stage. The stress growth rate in the rapid-growth
stage increased markedly, reaching 1.25–1.88× that in the slow-growth stage, indicating a
transition of the dominant mechanism from structural effects to material effects.

Water induces pronounced mechanical deterioration. Under saturated conditions,
compressive strength decreased by 29.8%. Confining pressure compensates for water-
induced weakening by suppressing crack growth and propagation. Moreover, larger
particles—owing to more developed initial pore structures—exhibited stronger deteriora-
tion, suggesting a coupled mechanism among water, confining pressure, and particle size.

Seepage evolution results from the interplay of three mechanisms: compaction-
induced flow resistance increase, breakage–rearrangement, and local channel regener-
ation. The axial loading rate controls the intensity of evolution, while particle size governs
the heterogeneity of structural reorganization. In the present study, effective flow chan-
nels were identified mainly from the observed evolution of pore morphology and local
seepage-field redistribution, rather than from a direct quantitative characterization us-
ing connectivity- or tortuosity-related indices. The results qualitatively indicate that the
permeability–porosity relationship is not monotonically decreasing; an inflection may
occur around porosity = 0.30–0.32, accompanied by order-of-magnitude changes in the
non-Darcy deviation factor, suggesting that adjustments of locally dominant flow paths are
not fully synchronous with changes in total porosity.

The proposed non-Darcy seepage model uses porosity as the core coupling variable to
connect particle migration, permeability evolution, and flow-regime transition within a
closed, self-consistent governing system. COMSOL simulations verified the model’s key
mechanisms, showing that axial compression reduced porosity by 54.2%, whereas high
water pressure (4 MPa) inhibited pore closure, reducing the closure rate by 37.5%.
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