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To deeply investigate the catastrophe mechanism of water inrush and mud 
outburst when tunnels traverse water-rich altered granite strata, this paper 
utilizes a self-developed visualized variable mass seepage test system to 
conduct physical model tests under varying conditions of water pressure 
and initial porosity. Unlike conventional geotechnical media, the study finds 
that the seepage failure of altered granite exhibits significant “variable 
mass” characteristics. Its catastrophic evolution follows a three-stage cyclic 
mechanism: “seepage channel connection - rock particle migration - local 
skeleton collapse.” The experimental results indicate that: (1) Water pressure 
is the dominant factor driving particle migration and mass loss; high water 
pressure significantly accelerates the transition from porous media seepage to 
pipe (conduit) flow. (2) Initial porosity has a complex non-linear impact on the 
catastrophic consequences. While higher initial porosity increases the volume 
of water inrush and the final stable porosity, it paradoxically leads to a relative 
decrease in the total volume of discharged mud. This is because it induces 
more frequent internal skeletal collapse and clogging effects. The variable mass 
seepage evolution model established in this study identifies particle loss as the 
fundamental cause of sudden surges in permeability, providing a theoretical 
basis for disaster prevention and control in this type of strata.
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 1 Introduction

The mechanisms behind water and mud inrush disasters during tunnel construction 
exhibit significant complexity and diversity. Particularly, such disasters occurring 
within granite alteration zones are progressively becoming a bottleneck constraint 
on the development of tunnel construction in China. Issues of granite erosion 
and alteration are particularly prevalent in the southwestern regions. Altered granite 
rock masses demonstrate remarkably poor stability, characterized by low strength, 
susceptibility to loosening, cracking, and disintegration, and well-developed joints and 
fissures. Currently, research focusing on the mechanisms of water and mud inrush 
in granite alteration zones, among other related aspects, remains severely inadequate.
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Current research on the mechanisms of tunnel water and mud 
inrush focuses primarily on model testing. These studies investigate 
water inrush characteristics and catastrophic mechanisms by 
establishing models for tunnel karst and fault fracture zones 
(Li et al., 2018; Li et al., 2020; Li et al., 2025; Xue et al., 2022), 
alongside precursor early-warning systems and prevention measures 
(Kong et al., 2023; Xie et al., 2025; Zhong et al., 2024). Jiang et al. 
conducted a similar material model test study on the scenario where 
a confined water-dissolved cavity exists ahead of the tunnel face. 
They scientifically classified the failure modes of the tunnel face 
into two categories: central shear failure and peripheral seepage-
induced failure (Jiang et al., 2017). Li et al. studied the seepage 
evolution law of fractured rock in collapse column under triaxial 
stress, by employing the triaxial seepage test equipment. Besides, 
they established and calculated the seepage mechanics model of 
broken rock in the COMSOL Multiphysics, and elucidated the 
water-conducting channel under mass loss condition in the collapse 
column furtherly (Li X. L. et al., 2023). Liu Jinquan conducted water 
and mud inrush evolution tests under varying water pressures and 
confining pressures, utilizing a self-designed large-scale laboratory 
test system capable of accounting for mass migration and true 
triaxial stress states. These tests revealed the scientific conclusion 
that the evolution of water and mud inrush disasters in completely 
weathered granite tunnels is a strongly coupled seepage-erosion 
process (Liu et al., 2018; Liu et al., 2016; Liu et al., 2017). Xu 
et al. employing laboratory model tests, successfully reproduced the 
catastrophic evolution process of water and mud inrush disasters 
in tunnels excavated through interbedded sandstone and slate of 
the Pre-Sinian system. They meticulously analyzed the variation 
patterns of surrounding rock stress-strain, seepage pressure, and 
flow rate with decreasing thickness of the aquitard (water-
resisting layer). This work thus revealed the catastrophic triggering 
mechanism of water and mud inrush in interbedded sandstone-slate 
tunnels, initiated by hydraulic failure of the aquitard (Xu et al., 2022). 
Chen et al. analyzed the disaster-causing mechanism of water inrush 
disaster in tunnels and established the relationship between water 
inrush disaster and microseism. They carried out the hydraulic 
fracturing test of rock-like materials and verified the effectiveness of 
acoustic emission monitoring technology by comparing the fracture 
shape and AE positioning results (Chen et al., 2024).

Based on numerical simulations and model tests of water 
seepage in surrounding rock during tunnel excavation, Wang et al. 
developed a permeability evolution model capable of predicting 
water inrush points, incorporating variables of rock porosity 
and deformation-induced damage (Wang et al., 2024). Through 
geological surveys and mineralogical analyses, Wu et al. revealed 
a correlation between water and mud inrushes in tunnels and 
rock composition, demonstrating a higher probability of such 
disasters in tunnels excavated in magmatic rocks (Wu et al., 2017). 
Using the single-variable method, Zheng et al. examined the 
effects of particle gradation, initial porosity, water pressure, 
confining pressure, and anti-outburst layer thickness on water 
inrush volume, porosity, particle concentration, and water inrush 
velocity, revealing that particle loss serves as the dominant factor 
in water and mud inrushes within fully weathered water-rich 
granite (Zheng, 2021). Based on the Hoek-Brown nonlinear 
failure criterion and limit analysis theory, Yang et al. developed 
a method to determine the safety thickness of anti-outburst 

layers for water-rich high-pressure solution cavities in karst 
tunnels (Yang and Zhang, 2016). Through discrete element 
modeling, Chen et al. uncovered the process and mechanisms 
of clay mineral-induced mud inrush failures in karst tunnels, 
demonstrating that excavation-induced stress redistribution and 
water-induced softening of clay serve as primary contributing 
factors to such failures (Chen et al., 2023). By integrating strength 
models, catastrophe theory, and shear failure mechanisms, Li et al. 
established a method for determining the thickness of anti-outburst 
layers in tunnels (Li Z. Q. et al., 2023). Dong et al. demonstrated 
that faults and fractured evaporite-karst breccias exhibit high 
permeability. Tunnel excavation alters groundwater flow paths, 
prompting the proposal of sequential countermeasures: pre-
drainage control at water-inrush zones, pre-grouting reinforcement, 
inrush sealing, and localized strengthening (Dong et al., 2023). 
Fan et al. identified joints as critical factors in preventing tunnel 
water-inrush disasters. By adopting Discontinuous Deformation 
Analysis (DDA) to simulate fluid-solid coupling interactions during 
inrush events, they revealed fluid flow patterns in jointed rock 
masses and the catastrophic evolution of water-inrush processes 
(Fan et al., 2023). Gao et al. established a near-field dynamic 
model of surrounding rock to investigate the process of progressive 
rock failure leading to water-inrush pathway development in karst 
tunnels, revealing the formation mechanisms and catastrophic 
evolution of water-inrush channels (Gao et al., 2021).

In summary, existing research achievements are concentrated 
on the water inflow mechanisms within soluble rock structures 
and fault fracture zones; however, studies targeting the unique 
geological medium of water-rich altered granite remain notably 
insufficient. Unlike karst conduits or common fracture zones, altered 
granite is characterized by slaking (disintegration) upon contact 
with water, argillization (mudding), and a high susceptibility to 
particle suffusion. Its water and mud inrush process is accompanied 
by significant loss of solid phase mass, representing a typical variable 
mass seepage problem. Furthermore, current experimental methods 
lack visualized observation of the internal microscopic “particle 
migration–channel formation” mechanism. Therefore, conducting 
visualized variable mass seepage tests that account for particle loss 
effects is crucial for revealing the incubation mechanisms of such 
disasters. 

2 Experimental protocol

2.1 Engineering background

Within the research area of the Gaoligongshan Tunnel, there is 
a widespread distribution of granite alteration zones characterized 
by weak rock quality and severe weathering. The altered granite 
appears bluish-gray to grayish-white and mainly occurs within 
the contact metamorphic zone between the granitic intrusive 
body and the surrounding rock. This altered rock was formed by 
high-temperature hydrothermal metasomatism during the magma 
intrusion period, which induced metamorphic recrystallization 
reactions in the surrounding rock. The areas adjacent to tectonic 
fracture zones have undergone superimposed modification 
by structural hydrothermal fluids, forming secondary altered 
rock facies.

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2026.1773352
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2026.1773352

The rivers within the Gaoligongshan Tunnel site area belong 
to the Indian Ocean drainage system, mainly including the Nu 
River, the Longchuan River, and their tributaries. The groundwater 
types are comprehensive, primarily recharged by atmospheric 
precipitation with abundant rainfall, and locally recharged by 
surface water bodies. Granite alteration zones with severe alteration 
phenomena are distributed in the study area, where the rock is weak, 
heavily weathered, and groundwater is abundant. During tunnel 
excavation, the tunnel face is prone to deformation and fracturing. 
Simultaneously, groundwater softens the surrounding rock through 
seepage, triggering severe water and mud inrush problems.

A detailed analysis was conducted on the water and mud 
inrush accident that occurred at the section XSD1K0+352 of the 
Gaoligongshan Tunnel. This tunnel section is located between the 
Tangfang Fault and the Laodongpo Fault, with a burial depth 
of approximately 760 m. Cambrian metamorphic sandstone strata 
outcrop at the surface, while Yanshanian granite alteration zones 
are developed in the tunnel body and lower parts. The tunnel 
body is situated near the contact zone between the Cambrian 
strata and granite, with the surrounding rock consisting mainly 
of altered granite. Influenced by geological structures, joints and 
fissures are developed in this section; the rock mass is broken, and 
the integrity of the surrounding rock is poor, classified mainly as 
Grade V surrounding rock. A structural fracture alteration zone is 
developed in front of the tunnel face, with severe clay alteration 
of the rocks. The groundwater is bedrock fissure water occurring 
in granite fissures, distributed unevenly, with water-rich zones in 
areas of dense joints. When tunnel construction reached this section, 
strand-like water outflows appeared at multiple points on the tunnel 
crown. Subsequently, the water volume gradually increased, carrying 
out large amounts of mud, sand, and debris, resulting in a severe 
water and mud inrush accident. 

2.2 Experimental procedure

Effect of water pressure on the seepage behavior of 
altered granite.

To simulate the phenomenon of water and mud inrush in 
water-rich granite alteration zones under specific water pressures, 
a self-developed visualization-capable variable-mass seepage model 
test apparatus with controllable water pressure was designed. 
This experimental setup primarily comprises the following 
core systems (Figure 1). 

1. Water Pressure Loading System: Utilizes a nitrogen cylinder 
pressurization method to apply gas pressure and regulate water 
pressure, with a pressure range of 0–1 MPa.

2. Seepage System: The seepage device is primarily composed 
of a cover plate, an acrylic material container, and a screen 
mesh. The cover plate has a diameter of 15 cm and a thickness 
of 1.5 cm; the acrylic material container has a diameter of 
15 cm, a total height of 40 cm, and a wall thickness of 1 cm. 
The cover plate and the acrylic container are connected by 
bolts and a sealing ring to ensure the airtightness during the 
experimental process. The screen mesh has a diameter of 15 cm 
and a mesh aperture of 8 mm, which is more than 1.5 times 
the maximum particle size of the intended filling material, to 

prevent interference with the loss of larger particles during the 
experiment (Figure 2).

3. Collection System: The ejected material collection system 
comprises a collection bucket, a fine muslin mesh sieve, an 
electronic balance, and a drying oven. Ejected material is 
collected at fixed time intervals using the collection bucket. A 
muslin mesh filter is employed to capture migrated particles. 
The mass of ejected material is measured with the electronic 
balance and collected migrated particles undergo oven-drying 
to determine their dry mass.

To investigate the temporal variation patterns of water 
inrush volume, mud inrush volume, seepage velocity, porosity, 
and permeability in water-rich granite alteration zones of the 
Gaoligongshan, this study utilizes field-collected granite alteration 
zone rock samples from the engineering site. By analyzing the 
influence of different water pressures and porosity conditions on 
the temporal evolution of these key parameters, the following 
experimental scheme was formulated. 

1. Water Pressure Research Scheme: Maintain the initial porosity 
at 0.45. Set water pressures to 15 kPa, 30 kPa, and 45 kPa to 
analyze the impact of water pressure on water and mud inrush.

2. Porosity Research Scheme: Maintain water pressure at 15 kPa. 
Set initial porosity values to 0.4, 0.45, and 0.5 respectively to 
analyze the influence of porosity on water and mud inrush.

The detailed experimental procedure is as follows, it is also 
summarized in the form of a flowchart (Figure 3). 

1. Specimen Preparation Stage: Field-collected rock samples 
from the granite alteration zone at the engineering site 
were weighed according to the required mass. To ensure 
homogeneous packing, specimens were loaded into the 
cylinder in layers up to a height of 25 cm. Prior to loading, the 
inner walls of the specimen cylinder were coated with a thin 
layer of petroleum jelly to minimize boundary effects during 
testing. Subsequently, water saturation was performed, with 
the water level maintained at 35 cm after saturation.

2. Variable-Mass Seepage Evolution Experiment: After specimen 
saturation, open the pressure relief valve to achieve the 
target control pressure. Throughout the experiment, maintain 
constant water pressure. As pressurized water infiltrates 
the specimen, soil particles migrate with the effluent flow. 
Migrated particles are collected via filtration, oven-dried, and 
weighed. Since the particle outlet is open to atmosphere and 
pressure losses in the pressurization line are negligible, the 
pressure differential across the specimen approximates the 
applied water pressure. Furthermore, the hydraulic gradient 
and seepage velocity are derived from the specimen’s height 
and diameter. Corresponding permeability parameters are 
then calculated using seepage mechanics theory.

3. Ejected Material Collection: During the experiment, data was 
acquired at 15 s intervals. Ejected material was collected at 
the collection assembly, where a muslin mesh filter captured 
migrated particles for subsequent oven drying. Concurrently, 
the corresponding water inrush volume was measured. The 
experiment was terminated when the effluent became clear 
water with no further particle migration observed.

Frontiers in Earth Science 03 frontiersin.org

https://doi.org/10.3389/feart.2026.1773352
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2026.1773352

4. Post-Experimental Processing: Following the experiment, 
equipment was cleaned and maintained for subsequent tests. 
Experimental data including water inrush volume and particle 
migration mass were compiled. Subsequent analysis focused 
on discussing the evolutionary patterns of seepage behavior.

During the experiment, continuous particle migration leads 
to temporal variations in the specimen’s mud inrush volume, 
water inrush volume, porosity, and permeability. Through in-
depth analysis of the seepage parameters alongside the variation 
patterns of mud inrush volume and water inrush volume-combined 
with empirical observations from experiments-the underlying 
evolutionary mechanism of variable-mass seepage in altered granite 
can be revealed. Furthermore, by systematically altering the two 
key controlling factors (water pressure and porosity) and analyzing 
their influence on mud inrush volume (Equation 1), water inrush 
volume, porosity (Equation 2), and permeability (Equation 9), the 
governing laws dictating the evolution of water and mud inrush can 
be elucidated (Equation 5). This provides a scientific foundation for a 
deeper understanding of the intrinsic mechanisms governing water 
and mud inrush within granite alteration zones.

During the experiment, ejected material was collected and 
weighed after oven-drying at 15 s intervals. This yielded the mass 
of lost particles for each time segment (Δmn). 

mn = Δm1 +Δm2 +⋯Δmn (1)

During the experiment, particle loss leads to changes in the 
sample’s porosity. The relationship between the change in sample 
porosity and the mass of lost particles can be expressed as follows: 

Δφ =
Δmn

πr2hρ
(2)

where r represents the radius of the sample (m), denotes the height 
of the sample (m), and is the density of the sample (kg/m3).

The porosity at each moment and the rate of change of porosity 
are calculated using the following formulas: 

φn = φ0 +
1

πr2hρ
(Δm1 +Δm2⋯Δmn) (3)

φ′n =
φn −φn−1

Δt
(4)

During the experimental process, the flow velocity was relatively 
low. When the flow velocity is small, the seepage process through 
the sample primarily conforms to Darcy’s Law, which can be 
expressed as: 

v = − k
μ
(∇p+ ρ fg∇z) (5)

where represents the permeability of the sample (m2), denotes the 
hydraulic pressure (Pa).

Given the small specimen size, gravitational effects are 
neglected. Furthermore, seepage within the specimen can be 
approximated as one-dimensional flow. Thus, the following holds: 

v = − k
μ

∂p
∂z

(6)

The seepage velocity can be calculated from the water inrush 
flow rate Q, as follows: 

v = Q
πr2 (7)

Assuming a uniform pressure gradient distribution within the 
specimen, i.e.: 

∂p
∂z
= −

p
h

(8)

Consequently, based on Equations 6–8, the permeability 
is given by: 

k =
Qμ
πr2

h
p

(9)
 

3 Experimental result

During the experiment, the specimen was saturated in layers 
and then observed under different water pressures (15 kPa, 30 kPa, 
45 kPa) and porosities (0.40, 0.45, 0.50) (Figure 4). The onset of water 
and mud inrush was defined as the moment when sediment began 
to discharge, while the end point was marked by the effluent running 
clear. The experimental process exhibited the following three stages. 

1. Initial Stage: After the experiment commenced, a mixture of 
particulate matter and water discharged from the specimen. 
Concurrently, cavity formation was observed within the 
specimen. This indicates that under the applied water pressure, 
particles within the specimen began to mobilize, migrate, 
and be lost. Simultaneously, the seepage flow of water 
transported these particles, resulting in the discharge of a 
water-mud mixture.

2. Intermediate Stage: As the experiment progressed, cavities 
progressively enlarged and interconnected, developing into 
pathways conducive to water inrush. This signifies that the 
internal structure of the specimen underwent alterations 
under sustained water pressure and seepage forces. The 
enlargement and interconnection of these cavities ultimately 
set the stage for subsequent water inrush.

3. Later Stage: The initial discharge was a water-mud mixture. 
As the experiment proceeded, the effluent gradually became 
clearer and ultimately ran clear. This demonstrates that 
with the continuous loss of particulate matter, the particle 
concentration within the specimen decreased, resulting in 
progressively clearer seepage flow.

Through conducting mass-varying seepage experiments under 
different water pressures and initial porosities, temporal evolution 
curves for the following parameters were obtained: mud inrush rate, 
water inrush rate, porosity, permeability, and seepage velocity. This 
enabled the investigation of seepage evolution patterns in altered 
granite during the mass-varying seepage process and the analysis of 
the influence of water pressure and porosity on seepage. 

3.1 Effect of water pressure on the seepage 
behavior of altered granite

As shown in Figure 5, with the initial porosity controlled at 0.45, 
the cumulative mud inrush mass and mud inrush velocity curves 
were investigated under water pressures of 15 kPa, 30 kPa, and 
45 kPa, respectively. The results indicate that as seepage progressed, 
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FIGURE 1
Visualized variable-mass seepage apparatus.

FIGURE 2
Sieve mesh at the bottom of the experimental setup.

the mud inrush velocity exhibited a gradual decreasing trend 
and ultimately stabilized. Under higher water pressures, the mud 
inrush velocity was significantly greater than under lower pressures. 
Furthermore, the cumulative mass loss of the specimen increased 
with rising water pressure. Specifically, the final mud inrush masses 
at water pressures of 15 kPa, 30 kPa, and 45 kPa were 352.11 g, 
618.24 g, and 883.61 g, respectively.

Concurrently, the duration of mud inrush differed markedly 
across the different water pressures. As water pressure increased, 
the mud inrush duration progressively shortened, recorded as 285 s, 
240 s, and 195 s, respectively. Overall, compared to the 15 kPa 
condition, the mud inrush mass under 30 kPa and 45 kPa pressures 
increased by 76% and 151%, respectively, while the inrush duration 
decreased by 23% and 46%, respectively.

The underlying mechanism for this phenomenon can be 
summarized as follows: Under the action of water pressure, fine, 
mobile particles within the specimen gradually detach from the 
granular matrix and are mobilized and transported away. When 
particle loss reaches a certain threshold, erosion ceases, and stable 
seepage channels develop. The critical flow velocity required to 

dislodge particles of different sizes from the matrix and transport 
them varies. Consequently, under lower water pressures (resulting 
in lower flow velocities), only a limited quantity of particles can 
be mobilized and lost. Conversely, under higher water pressures 
(producing higher flow velocities), a greater proportion of particles 
can detach from the matrix, leading to a substantial rise in the mud 
inrush mass.

Additionally, under higher water pressures, the greater seepage 
velocity accelerates the mass loss rate. This hastens the formation 
of stable seepage channels, thereby reducing the duration of the 
mud inrush phase. These findings collectively demonstrate the 
pronounced influence of water pressure on the mud inrush process.

As shown in Figure 6, with the initial porosity controlled at 
0.45, the water inrush mass and water inrush velocity curves were 
investigated under water pressures of 15 kPa, 30 kPa, and 45 kPa, 
respectively. The results indicate that, generally speaking, increased 
water pressure exhibits a positive correlation with both the water 
inrush rate and the cumulative water inrush mass. That is, the 
greater the water pressure, the higher the water inrush rate and 
the larger the cumulative water inrush mass. The specific data 
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FIGURE 3
Experimental procedure.

FIGURE 4
Pictures of protrusion.

are as follows: At a water pressure of 15 kPa, the average water 
inrush rate was 1.69 ml/s. At 30 kPa, the average rate was 3.55 ml/s, 
and at 45 kPa, it reached 5.66 ml/s. Further analysis revealed that 
compared to the 15 kPa condition, the water inrush rates under 
30 kPa and 45 kPa pressures increased by factors of 1.10 and 2.35, 
respectively. The underlying mechanism for this phenomenon can 
be explained as follows: Under high water pressure, the rate of 
particle loss is significantly accelerated. As particles are lost, the 
resulting pore network progressively evolves into “water inrush 
channels.” Crucially, the higher the water pressure, the wider these 
water inrush channels become. This directly leads to an increase in 
the water inrush rate and a rise in the cumulative water inrush mass.

As shown in Figure 7, with the initial porosity controlled 
at 0.45, the porosity temporal evolution curves were investigated 
under water pressures of 15 kPa, 30 kPa, and 45 kPa, respectively. 
The results demonstrate that the porosity temporal evolution 
curves generally exhibited a trend of initial increase followed 
by stabilization. Furthermore, the greater the water pressure, the 

more rapidly the porosity increased, and the higher the ultimate 
porosity attained. The specific data are as follows: At a water 
pressure of 15 kPa, after 285 s of seepage evolution, the final porosity 
stabilized at approximately 0.478. At 30 kPa, following 240 s of 
seepage evolution, the final porosity stabilized at approximately 
0.501. At 45 kPa, after 195 s of seepage evolution, the final porosity 
stabilized at approximately 0.525. These findings fully demonstrate 
the pronounced influence of water pressure on porosity evolution. 
Under higher water pressures, the increased seepage velocity 
within the specimen accelerates the rate of particle loss. This 
results in a correspondingly higher rate of porosity increase and 
consequently leads to a higher attained final porosity. Conversely, 
under lower water pressures, the erosion-driving forces acting on 
particles weaken. Consequently, both the amount and rate of particle 
loss decrease, resulting in a comparatively lower final porosity 
being achieved.

As shown in Figure 8, the temporal evolution curves of 
permeability under water pressures of 15 kPa, 30 kPa, and 45 kPa 
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FIGURE 5
Cumulative mud inrush mass and inrush velocity under different water pressures.

FIGURE 6
Cumulative water inrush mass and inrush velocity under different water pressures.

were investigated while controlling the initial porosity at 0.45. The 
results indicate that the final permeability under different water 
pressure conditions stabilized at approximately 1.5 × 10−9 m2. This 
suggests that water pressure exerted a relatively minor influence on 
the final permeability.

As shown in Figure 9, the temporal evolution curves of 
seepage velocity under water pressures of 15 kPa, 30 kPa, and 
45 kPa were investigated while controlling the initial porosity at 
0.45. It can be observed from the figure that the water pressure 
is positively correlated with the seepage velocity-that is, higher 
water pressure leads to greater seepage velocity. The specific data 
are as follows: when the water pressure was 15 kPa, the final 
seepage velocity stabilized at approximately 1 × 10−4 m/s; at a 
water pressure of 30 kPa, the final seepage velocity stabilized 
at approximately 2 × 10−4 m/s; and at a water pressure of 

45 kPa, the final seepage velocity stabilized at approximately
3.5 × 10−4 m/s.

3.2 Effect of porosity on seepage in altered 
granite

As shown in Figure 10, the temporal evolution curves of seepage 
velocity under different initial porosities (0.40, 0.45, 0.50) were 
investigated at a water pressure of 15 kPa. The experimental results 
indicate that the mud inrush velocity was relatively high during the 
initial stage of seepage. Subsequently, as seepage progressed, the 
mud inrush velocity gradually decreased until the effluent became 
clear water. Further analysis revealed that a smaller initial porosity 
resulted in a greater mud inrush velocity and a longer duration of 
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FIGURE 7
Porosity temporal evolution curves under different water pressures.

mud inrush. The specific data are as follows: at initial porosities 
of 0.4, 0.45, and 0.5, the final particle loss masses were 438.72 g, 
352.11 g, and 240.24 g, respectively. This indicates that the mass 
loss of the specimen decreases with increasing initial porosity—that 
is, the mud inrush mass at an initial porosity of 0.4 was greater 
than that at an initial porosity of 0.5. Concurrently, the duration of 
mud inrush also varied under different initial porosity conditions. 
At initial porosities of 0.4, 0.45, and 0.5, the mud inrush durations 
were 360 s, 285 s, and 150 s, respectively. Compared to the case 
with an initial porosity of 0.4, the mud inrush mass increased by 
47% and 82.5% at initial porosities of 0.45 and 0.5, respectively. 
Furthermore, the mud inrush duration increased by 0.9 times (90%) 
and 1.4 times (140%), respectively. The cause of this phenomenon 
can be attributed to the following: a smaller initial porosity results in 
a denser internal structure of the specimen. Consequently, a greater 
number of particles need to be dislodged to form seepage channels. 
This leads to a larger mud inrush mass. Furthermore, as more time 
is required to establish stable seepage channels, the duration of the 
mud inrush is correspondingly prolonged.

As shown in Figure 11, under a water pressure of 15 kPa, the 
water inrush mass and water inrush rate curves were investigated 
for specimens with different initial porosities (0.40, 0.45, 0.50). The 
results indicate that initial porosity exhibits a positive correlation 
with both the cumulative water inrush mass and the water inrush 
rate. That is, the higher the initial porosity, the greater the cumulative 
water inrush mass and the water inrush rate. Additionally, for 
specimens with the same initial porosity, the water inrush rate 
remained within a relatively stable range at different time points. 
The specific data are as follows: At an initial porosity of 0.40, the 

average water inrush rate was 2.92 ml/s. At an initial porosity of 0.45, 
the average rate was 1.69 ml/s, and at 0.50, it was 1.26 ml/s. Further 
analysis revealed that compared to the case with an initial porosity 
of 0.40, the average water inrush rates under initial porosities of 0.45 
and 0.50 increased by 34.1% and by a factor of 1.30, respectively. This 
phenomenon arises because a higher initial porosity corresponds 
to a looser internal structure within the specimen. This facilitates 
the readier development of “water inrush channels” and results 
in wider channels, thereby increasing the cumulative water
inrush mass.

As shown in Figure 12, under a water pressure of 15 kPa, 
the temporal evolution curves of porosity were investigated for 
specimens with different initial porosities (0.40, 0.45, 0.50). Overall, 
the higher the initial porosity, the greater the ultimate porosity 
attained and the shorter the porosity evolution time; however, 
the magnitude of the porosity increase was relatively smaller. The 
specific data are as follows: At an initial porosity of 0.40, after 390 s 
of seepage evolution, the final porosity stabilized at approximately 
0.442. At an initial porosity of 0.45, following 285 s of seepage 
evolution, the final porosity stabilized at approximately 0.478. At 
an initial porosity of 0.50, after 180 s of seepage evolution, the final 
porosity stabilized at approximately 0.512. This phenomenon occurs 
because a higher initial porosity corresponds to a looser internal 
structure within the specimen, facilitating easier mobilization and 
loss of particles. Consequently, a higher ultimate porosity is attained. 
Simultaneously, in specimens with higher initial porosity, water 
inrush channels develop more readily, requiring the erosion of fewer 
particles to establish stable flow paths. This dual effect significantly 
shortens the time required to reach the final stabilized porosity.
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FIGURE 8
Permeability temporal evolution curves under different water pressures.

As shown in Figure 13, an experimental investigation of the 
temporal evolution curves of permeability under different initial 
porosities (0.4, 0.45, 0.5) was conducted at a constant water pressure 
of 15 kPa. The results demonstrate a positive correlation between 
initial porosity and permeability during the seepage process: the 
higher the initial porosity, the greater the permeability. Specific 
data are as follows: specimens with an initial porosity of 0.50 
exhibited an average permeability of 2.78 × 10−9 m2 during seepage, 
while those with porosities of 0.45 and 0.40 showed average 
permeabilities of 1.61 × 10−9 m2 and 1.20 × 10−9 m2, respectively. 
This confirms that specimens with 0.50 initial porosity have 
significantly higher permeability than those with 0.40 and 0.45 
porosity, indicating that increased initial porosity substantially 
enhances specimen permeability. Higher permeability facilitates 
easier fluid transmission through the medium, thereby increasing 
the risk of water and mud inrush hazards. Based on this conclusion, 
practical engineering applications can employ grouting techniques 
to reduce formation porosity, effectively mitigating the probability 
of water and mud inrush disasters while ensuring project safety and 
structural stability.

As shown in Figure 14, experimental investigation of the 
temporal evolution curves of seepage velocity under different initial 
porosities (0.4, 0.45, 0.5) was conducted at a constant water pressure 
of 15 kPa. The results reveal a positive correlation between initial 
porosity and seepage velocity: the higher the initial porosity, the 
greater the seepage velocity. Specifically, during the initial seepage 
stage, the velocity showed a brief decline before stabilizing. The final 
stabilized seepage velocities were approximately 5 × 10−5 m/s at 0.40 
initial porosity, 1 × 10−4 m/s at 0.45, and 1.8 × 10−4 m/s at 0.50 
initial porosity. The cause of this phenomenon lies in the following: 

a larger initial porosity results in a looser internal structure of the 
specimen. Consequently, the rate of particle loss increases more 
rapidly, seepage channels form more easily, and the water inflow 
volume becomes greater. This, in turn, leads to a higher seepage 
velocity. During the initial stage of seepage, the relatively high 
seepage velocity is attributed to the effluent existing as muddy water 
due to particle loss. The larger volume of this muddy water mixture 
results in a higher seepage velocity. Once stable channels are formed 
through particle loss and the effluent transitions to clear water, the 
permeability remains relatively stable. Consequently, the seepage 
velocity also stabilizes.

3.3 Mud inrush mechanism

Through a self-designed visual mass-varying seepage apparatus, 
this study investigates the characteristics and mechanisms of water 
and mud inrush in water-rich granite alteration zones. Analysis of 
the evolution patterns of mud inrush volume, water inrush volume, 
porosity, seepage velocity, and permeability in altered granite reveals 
that water pressure and porosity directly govern the permeability 
behavior of altered granite.

The presence of pressurized water sources within rock 
formations—such as water-rich faults, alteration zones, or karst 
cavities—constitutes a prerequisite for tunnel water and mud inrush 
events. Within water-rich granite alteration zones, elevated water 
pressure accelerates water migration velocity. This enhances the 
water’s capacity to impact and dissolve rock particles during flow, 
thereby expediting the formation of interconnected water inrush 
channels, as illustrated in Figure 15a. When altered granite exhibits 
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FIGURE 9
Seepage velocity under different water pressures.

FIGURE 10
Cumulative mud inrush mass and mud inrush velocity under different initial porosities.

high initial porosity, the granular matrix within the rock mass is 
inherently loose. Subsequent water flow and particle transport 
further increase porosity, reducing the load-bearing capacity of 
the particle skeleton. This facilitates localized collapse of loose 

particle clusters, blocking established water flow channels as 
depicted in Figure 15b. Under hydraulic pressure, locally connected 
channels re-form. As particle loss continues, this triggers repeated 
cycles of localized collapse. Under high pore pressure conditions, 
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FIGURE 11
Cumulative water inrush mass and velocity under different initial porosities.

FIGURE 12
Porosity temporal evolution under different initial porosities.

altered granite exhibits greater cumulative water and mud inrush 
volumes than under high-porosity conditions. Conversely, the mud 
inrush rate curve displays more pronounced oscillations in high-
porosity regimes. The seepage process in altered granite follows a 
three-phase cycle: 1) water inrush channel interconnection, 2) rock 
particle migration, and 3) localized collapse.

3.4 Coupling mechanism between variable 
mass seepage and permeability evolution

The core of this study lies in confirming that water inrush 
and mud outburst in altered granite constitutes a variable mass 
process. The experimentally observed mass of particle loss is not 
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FIGURE 13
Permeability temporal evolution under different initial porosities.

FIGURE 14
Seepage velocity under different initial porosities.

an independent variable; rather, it directly governs the evolution 
of permeability by altering porosity. As illustrated in Figure 15, 
under high hydraulic pressure, the threshold velocity for fine 
particles is exceeded, leading to a continuous loss of skeletal mass. 

According to Equations 3, 4, this mass loss induces a non-linear 
increase in effective porosity over time. Such microstructural 
alterations disrupt the original seepage equilibrium, causing 
permeability to surge by orders of magnitude within a short period 
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FIGURE 15
Seepage and water inrush characteristics in altered granite. (a) High water pressure conditions; (b) High porosity Conditions.

(Figure 8), thereby forming preferential flow paths. Conversely, local 
collapse under conditions of high porosity (Figure 15b) serves as a 
negative feedback mechanism, temporarily reducing permeability 
by re-clogging the channels. Consequently, the permeability 
characteristics of altered granite are the dynamic outcome of the 
interaction between hydrodynamic conditions and the evolution of 
the geomaterial mass. 

4 Conclusion

This study employs a self-designed visual mass-varying seepage 
apparatus to conduct physical model experiments investigating 
water and mud inrush mechanisms in water-rich granite alteration 
zones. The experiments systematically evaluate the effects of varying 
water pressures and initial porosities. Key parameters-including 
mud inrush volume, water inrush volume, porosity, permeability, 
and seepage velocity-were quantified throughout the inrush process, 
revealing their evolution patterns under different influencing 
factors. This work elucidates the mass-varying seepage evolution 
mechanisms within water-rich granite alteration zones. The main 
conclusions are as follows. 

1. Innovative Experimental Apparatus: This study overcomes 
the limitations of previous research, which predominantly 
focused on soluble rocks (karst) or single fault fracture zones. 
Addressing the increasingly prominent hazards in water-rich 
altered granite during engineering construction in Southwest 
China, we successfully developed a visual mass-change 
seepage test apparatus. The device intuitively reproduces 
hidden groundwater seepage processes and confirms that 
water and mud inrush in altered granite is essentially a 
strongly coupled seepage-erosion process, where water flow 

drives the migration of fine particles, leading to skeleton
instability.

2. Three-Stage Evolution Mechanism: The “three-stage” 
evolution mechanism of mass-change seepage was revealed. 
The study identifies that the incubation and occurrence of 
water and mud inrush disasters in altered granite follow a 
specific three-stage cyclic mechanism: 1) interconnection of 
water channels, 2) migration of rock particles, and 3) local 
collapse. This mechanistic model provides a scientific basis for 
understanding such non-karst geological hazards.

3. Higher initial porosity correlates with a greater risk of water 
inrush, yet paradoxically results in a reduced total volume of 
mud inrush. The underlying mechanism is that altered rock 
masses with high porosity possess a loose internal structure, 
allowing water to easily penetrate and establish preferential 
pathways. A stable flow path can be formed by flushing away 
only a small quantity of particles; consequently, water inrush 
occurs rapidly with high permeability, but the total sediment 
load transported is relatively low. Conversely, altered rock 
masses with low porosity exhibit a tighter internal structure. 
Water flow must detach and transport a significant volume of 
particles to create seepage channels, resulting in a substantial 
increase in mud discharge and a more prolonged duration of 
the disaster.

4. Driving Role of Water Pressure: Water pressure is the direct 
power source for water and mud inrush disasters. High water 
pressure not only directly increases the cumulative volume of 
water and mud discharge but also significantly accelerates the 
evolution rate of porosity, causing the rock and soil mass to 
reach a failure state more quickly. Although water pressure has 
a limited effect on the final permeability value, it dictates the 
severity of the disaster and the ultimate rate of particle loss.
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