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Abstract: To investigate the mechanism of water and mud inrush in water-rich fault fracture zones, a large-scale indoor water and 
mud inrush test system considering mass transfer and geostress state is developed. The simulation test of water and mud inrush 
disasters evolution process in the fault fracture zone with different hydraulic loading modes and medium parameters of fracture zones 
are carried out using the device. Some findings are as follows: 1) Evolution of water and mud inrush disasters in fault fractured zones 
is a strong coupling process of seepage and erosion. In the beginning, fine particles in the filling of fracture zones will migrate under 
the water pressure. Then, with the continuous migration and loss of fine particles, the flow pattern changes from laminar flow to 
turbulent flow, which eventually leads to water and mud inrush disasters. 2) The larger initial porosity of the filling in the fractured 
zone and the higher applied water pressure will induce the water inrush more easily. As a result, the evolution characteristics of 
seepage exhibit more obvious in the test and the increase of seepage field parameters such as permeability, porosity, and Reynolds 
number is much faster. Therefore, evolution curves of the seepage field parameters suddenly increase. 3) The evolution characteristics 
of water and mud inrush are more obvious under the gradient loading than under a loading condition with constant water pressure, 
and the critical water pressure of water and mud inrush from the filling is smaller. A generalized model of permeability evolution 
characteristics of the fault is established with analysis of flow state transition based on the relationship between water flow rate and 
time (Q−t), the relationship between hydraulic gradient and water flow rate (i−Q), and the relationship between permeability and 
hydraulic gradient (k−i) that describes the evolution characteristics of permeability. The results provide guidance for evolution 
mechanisms and prevention measures of water and mud inrush disasters in fault fractured zones. 
Keywords: fault fracture zone; experimental study; water and mud inrush; characteristics of seepage evolution 
 
1  Introduction 

The rock mass in fault fracture zones is incompact, 
fractured and of low intactness. In the underground 
engineering, when a tunnel passes through water-rich 
fault fracture zones, the groundwater and construction 
disturbance can result in disintegration of the rock mass 
in fault fracture zones, which further leads to the formation 
of a water channel. Additionally, water and mud inrush 
caused by improper disposal makes great damage to 
human life and property. Therefore, the prevention for 
water and mud inrush disasters has been a hot and 
difficult topic in the current underground engineering 
research[1]. By summarizing a large number of accident 
cases of water and mud inrush in fault fracture zones 
at home and abroad[2−10], it is found that high osmotic 
pressure, excavation disturbance and weak permeability 
resistance ability of surrounding rocks are the three main 
factors which result in water and mud inrush disasters 
of fault fracture zones. 

Scholars have carried out the research on the mec- 
hanism of water and mud inrush by in-situ and laboratory 
experiments, theoretical analysis and numerical simulation. 
They have obtained rich theoretical knowledge and engi- 
neering experience, which effectively guide the scientific 
prediction and prevention of water and mud inrush in 
underground engineering constructions. Li et al.[11] pro- 
posed that the fault zone would become the "barrier" 
for the deformation and stress propagation of underground 
space excavation, resulting in the strong accumulation 
of stress and strain between the fault zone and excavated 
space. The induced excavation space and large deform- 
ation in the fault zone could also lead to the generation 
of tensile cracks and the infiltration of groundwater. 
Wu et al.[12] elaborated the weakening mechanism and 
key factors of hysteretic water inrush, and proposed the 
weakening effect of water inrush time on the fault 
structure in coal floor. Shi et al.[13] studied the relationship 
between the fault location, elements of goaf and water 
inrush from the perspective of mine pressure, and believed 
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that water inrush is likely to occur when the fault plane 
inclines to the boundary of goaf. Jeon et al.[14] made use 
of model tests to study the influence of fault, weak 
surface, and grouting on the stability of tunnel surrounding 
rock, and found that the deformation and shearing stress 
of the tunnel surrounding rock significantly increased at 
the location where the fault and weak surface existed. 
Ma et al.[15] studied the migration rule of fine particles 
in granular sandstone samples with different initial porosi- 
ties, particle gradations and seepage pressures through 
experiments, and the research results showed that the 
migration of fine particles played a crucial role in 
increasing the permeability and porosity of the samples in 
the process of water inrush. Li et al.[16] investigated the 
seepage, mechanical properties, and failure mechanisms 
of the filling medium under the condition of occurrence 
by a large scale triaxial stress-percolation coupling test 
system. Li et al.[17] revealed the essential reasons of 
water inrush in fault fracture zones: excavation disturbance 
caused the failure of mechanical and seepage balance, 
which then contributed to the redistribution of stress 
state of surrounding rock and the release of groundwater 
energy. Yao[18] considered the variable mass seepage 
behaviors of the fractured rock in the process of water 
inrush from coal floor of collapse column, analyzed the 
influencing factors of mass loss rate of the fractured 
rock in the process of seepage, and obtained the time- 
history curves of mass loss rate, porosity and permeability 
with different particle sizes, stresses and sediment con- 
centrations. Wang et al.[19] used the variable fractured 
rock mass seepage testing system to test the non-Darcy 
seepage characteristics of the fractured rock mass, and 
analyzed the time-varying laws of mass loss rate, 
porosity, permeability and other parameters during the 
seepage process of the fractured mudstone. Zhang[20] 

designed the experimental device to model water and 
mud inrush in fault zones, and studied the starting mig- 
ration, mutation, and stable evolution rules of particles 
in the water inrush process under the conditions with 
different water pressures, different fault widths and diff- 
erent medium compositions. Chang et al.[21] studied 
the mechanism of erosion instability inside the dam 
body. By regulating the external stress of the sample to 
simulate the law of particle erosion inside the sample 
under different stress states, they obtained the critical 
hydraulic gradient of the seepage instability evolution 
process of the dam body. 

Water and mud inrush in tunnel excavation through 
fault fracture zones is affected by high osmotic pressure 
and impermeability of the rupture zone. Under the joint 
action of high osmotic pressure and impermeability, 
there is a process of development and evolution for the 
particles eroded by dynamic water in the fault zone. 
As the flow in the medium transforms from laminar 
flow to turbulent flow, it will eventually induce water 
and mud inrush disasters. Therefore, the osmotic pressure 

and the permeability resistance ability of the fault frac- 
ture zone are important indicators to judge whether there 
is a risk of water and mud inrush in the fault fracture 
zone. There are still some problems existing in the current 
research, such as the single boundary condition of model 
tests, the interaction between stress control system and 
water pressure control, and the mismatching between 
the pressure loading mode and the gradient water pressure 
change in the actual water-resistant structure. Therefore, 
a set of large indoor test system for water and mud 
inrush, which can consider particle migrations and the 
in-situ geostress state, was developed in this study. 
This system was employed to test the evolution chara- 
cteristics of water and mud inrush in fault fracture 
zones with different porosities, two loading conditions 
of constant and gradient water pressures. The variables 
of test process were discussed systematically. The evo- 
lution relationships of water flow rate, particle loss, 
permeability, porosity and Reynolds number under two 
hydraulic loading modes were analyzed. Finally, the 
permeability evolution characteristics of the fault fracture 
zone under high osmotic pressure were discussed by 
analyzing the flow pattern transition based on the relation- 
ship of water flow rate over time (Q−t), the relationship 
of hydraulic gradient to water flow rate (i−Q) and the 
permeability evolution law of the permeability with hy- 
draulic gradient (k−i). 

2  Experimental scheme 
2.1  Experimental system 

In order to simulate the process of water and mud 
inrush disasters in the infill materials of the water-rich 
fracture zone, a large indoor water and mud inrush test 
system is independently designed as shown in Fig.1, in 
which the mass migration and the in-situ stress state 
are considered[22]. The test system mainly consists of 
three parts: loading system, seepage system and muddy 
water collection system. 

 

     (a) Schematic diagram             (b) Real products 

Fig. 1  Experimental system 
 
(1) Loading system: the loading system is composed 
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of one gas-driven pressurized pump, three drive con- 
verters and three regulators. 

(2) Seepage system: the seepage system consists of 
a triaxial testing cell (φ15 cm×30 cm), a sample barrel, 
a seepage pipe, and a waterproof board, etc. 

(3) Muddy water collection system: it is mainly com- 
posed of a funnel, a beaker, a sieve, an oven, and an 
electronic scale. 
2.2  Preparation of test materials 

The test materials are from the fracture zone of the 
F1 fault of the YIN-Hong-Ji-Shi Diversion Project in 
Shaanxi province. The F1 fault has a dip direction of 
9º and a dip angle of 64º. The angle between the fault 
and the axis of the diversion tunnel is about 22º. During 
the tunnel excavation, the width of the fault was revealed 
to be 70 meters and there were more than 300 branches 
and secondary faults in the region. Large mud and water 
inrush occurred seven times, which caused serious eco- 
nomic and property losses and delayed the construction 
up to 3 years. The lithology of fault F1 fractured zone 
is composed of the fractured rock and mylonite with 
weak cementation and fractured structure, and filled with 
mud and cuttings. 

The particle gradation analysis was carried out for 
the samples from the fault zone, and the grain grading 
curve is shown in Fig.2. It is concluded that the rock 
and soil mass in the fault fracture zone is mainly com- 
posed of the rock skeleton and the mixed filling of fine 
particles according to the grain size distribution curve. 
Therefore, limestone is chosen as the skeleton for the 
filling materials of the fault fracture zone in this test. 
Additionally, the clay fine particles are chosen as the 
fine particle filling materials. They are both prepared 
according to the grain size distribution ratio of the F1 
fault breccia. 

 

Fig. 2  Particle size distribution of the fault breccia 
 

2.3  Design of test scheme 
In the underground engineering, external water pres- 

sure is the power source of water and mud inrush disasters 
in the fault fracture zones. Therefore, a constant water 
pressure loading is used to simulate the external water 
pressure. In addition, as the tunnel is excavated, the palm 
face is getting closer to the water-rich fault fracture 

zone and the hydraulic gradient for the water-resistant 
structure is increasing. In order to investigate the spatial 
and temporal relationship between the water-resistant 
structure and the water-rich fault fracture zone after 
tunnel excavation, the hydraulic loading method with 
gradient water pressure applied to the filling medium is 
studied. 

In summary, the stress state of the fault is simulated 
by applying the confining pressure of 0.4 MPa and the 
axial pressure of 0.5 MPa. Three sets of constant water 
pressure boundary conditions with 0.4, 0.7 and 1.0 MPa, 
are applied to simulate the change of external water 
pressure in the fault fracture zone. At the early stage, 
0.02 MPa is a unit pressure gradient for the low water 
pressure range. When the pressure reaches 0.1 MPa, 
0.1 MPa is a unit pressure gradient. Finally, 1 MPa is 
used as a unit pressure gradient to simulate the dynamic 
change process of water pressure inside the fault frac- 
ture zone caused by the tunnel excavation. 

To study the influence of the permeability resistance 
on the evolution of the filling materials permeability in 
the fault fracture zone, the initial porosities of the filling 
materials are 0.35, 0.30 and 0.25 under water pressure 
in each group. The sample diameter is 150 mm and the 
height is 200 mm. To make the water pressure evenly 
distributed, the top of the sample barrel is filled by 
pervious stones. Table 1 displays the specific experiment 
scheme. 

 
Table 1  Experiment scheme 

Sample 
No. 

Constant 
water 

pressure/ 
MPa 

Water pressure gradient 
/ MPa Initial porosity

1 0.4 ― 0.25 
2 0.7 ― 0.25 
3 1.0 ― 0.25 
4 0.4 ― 0.30 
5 0.7 ― 0.30 
6 1.0 ― 0.30 
7 0.4 ― 0.35 
8 0.7 ― 0.35 
9 1.0 ― 0.35 
10 ― 0, 0.02, 0.04, …, 0.1, 0.2, 0.3, …, 1 0.25 
11 ― 0, 0.02, 0.04, …, 0.1, 0.2, 0.3, …, 1 0.30 
12 ― 0, 0.02, 0.04, …, 0.1, 0.2, 0.3, …, 1 0.35 

 
2.4  Test process 

(1) Sample preparation. The in-situ geotechnical sam- 
ples were divided into different particle size ranges, 
and the particle size distribution curve is shown in Fig.2. 
Six groups of particle sizes are selected for obtaining 
the particle ratio of test samples, which are 0−0.075, 
0.075−0.5, 0.5−1, 1−3, 3−5 and 5−20 mm, respectively, 
as shown in Fig.3. Then, according to the weight pro- 
portion of the particle size in each group, they were 
weighed and put into the sample bucket, tamped in layers, 
and roughened between layers. The contact surface be- 
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tween the sample and the barrel wall was coated with 
Vaseline. After adding porous stone, the sample was 
saturated with water. 

(2) Stress boundary application. After the sample 
was saturated, start the gas-driven pressure pump and 
drive converter to add specified confining pressure, 
water pressure and axial pressure on the sample. 

 

Fig. 3  Test materials for fault fillings 
 

(3) Evolution test of water and mud inrush. With 
the constant seepage of pressure water, the rock and 
soil particles in the fault fracture zone flowed out toge- 
ther with the water flow. 

(4) Data collection. Data were collected every 1 
min during the test. In the drain pipe, the gauze filter 
was used to collect the lost particles, and collect and 
weigh the corresponding gushing water. 

(5) Post-test treatment. The device should be cleaned 
and maintained after the test, and the follow-up tests 
will be carried out. The experimental data such as water 
flow rate, particle loss, porosity, permeability and Rey- 
nolds number were analyzed, and the law of perme- 
ability evolution was discussed.  
2.5  Test data processing 

The particles in the flow were collected every Δt, 
and the masses of particles were determined after drying 
Δm1，Δm2，…，Δmm，…，Δmn. Then, the loss mass 
during the testing period can be obtained: 

1 2+ + +m mm m m m= Δ Δ Δ                     (1) 

The relationship between the sample porosity change 
Δϕ and the corresponding loss mass Δmm is deter- 
mined as follows: 

2
s

m

i

m
a h

ϕ
ρ

Δ
Δ =

π
                             (2) 

where a is the sample radius; ρs is the solid particle 
density; hi is the real-time sample height caused by 
particle migration. Assuming that all particles begin to 
migrate approximately from the bottom, hi is obtained 
as 

( )0 1 22
s

1 + + +i ih h m m m
a ρ

= − Δ Δ Δ
π

  

i = 1，2，…，m                           (3) 
Then the porosity at any time can be calculated by 

( )0 1 22
s

1 + + +m im m m
a

ϕ ϕ
ρ

= + Δ Δ Δ
π

           (4) 

3  Test results and analysis 
3.1  Constant water pressure loading test 
3.1.1 Result of water flow rate variation 

Figures 4 (a), 4(b) and 4(c) show the evolution of 
the water flow rate as a function of time at the constant 
external water pressures of 0.4, 0.7 and 1.0 MPa. The 
initial porosities for samples are 0.35, 0.30 and 0.25, 
respectively.  

(1) With the same porosity, the higher the external 
water pressure, the higher the water flow rate. Under 
the water pressure of 1.0 MPa, the water flow rate of 
the filling materials is significantly higher than those 
under the water pressure of 0.7 MPa and 0.4 MPa, 
which are 3−5 times and 5−9 times, respectively. It 
indicates that the external water pressure is the power 
source of water and mud inrush disasters in the medium 
of the fault fracture zone. 

 

(a) ϕ0 = 0.35 

 

(b) ϕ0 = 0.30 

 

(c) ϕ0 = 0.25 

Fig. 4  Evolution curves of water flow rate 
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(2) Under the same water pressure, the greater the 
initial porosity, the greater the water flow rate. At the 
pressure of 1 MPa, the maximum water flow rate of 
the filling materials with the initial porosity of 0.35 is 
9 times and 25 times of those for the initial porosity of 
0.30 and 0.25, respectively. It reveals that the water and 
mud inrush disaster will occur in the filling materials 
of the water-rich fault with a large porosity. 

(3) When the initial porosity is 0.35 and the constant 
water pressure is 1.0 MPa, the muddy water collection 
during the test is shown in Fig.5. The amount of water 
inflow gradually increases, and the water quality changes 
through three stages (clear (Ⅰ) - turbid (Ⅱ) - clear (Ⅲ)). 
Stage Ⅰ: The water flow rate increases rapidly. It can 
be up to 400 mL/min within 3 min and remains stable. 
Stage Ⅱ: the water flow rate increases rapidly from 
500 mL/min to 900 mL/min under high osmotic pressure. 
Stage Ⅲ: the water flow rate stabilizes around 900 
mL/min. Compared with the water flow rate curves 
under other conditions, it can be found that, a sudden 
increase in the water flow rate is observed at the time 
of 10 min, the water quality becomes relatively muddy; 
from this moment on, the water flow rate curve shows 
a rapid growth, with the maximum water inrush rate 
up to 905 mL/min. 

 

Fig. 5  Mud collection during the experiment 
 

3.1.2 Result of particle loss 
Figures 6(a), 6(b) and 6(c) show the evolution 

curves of particle loss over time for samples with 
initial porosities of 0.35, 0.30 and 0.25 at constant 
water pressures of 0.4, 0.7 and 1.0 MPa, respectively. 
It can be seen that: 

(1) When the water pressure is low, the loss of particles 
first increases rapidly and then a slow increase can be 
witnessed. For high water pressure, the loss of particles 
increases rapidly in the middle stage of evolution. The 

loss increases in the early evolution (stage Ⅰ, 0−3 min) 
increases rapidly, which is because loose particles in 
the fracture zone are quickly squeezed and lost under 
confining pressure at the beginning of the seepage. 
With an initial porosity of 0.35 and the water pressure 
of 1 MPa at 10 min, a sharp increase of the particle loss 
is found (stage Ⅱ, 3−15 min), lasting 2−3 min. This indi- 
cates that under a high water pressure, the pore structure 
of filling materials gradually increases with the constant 
migration and outflow of fine particles. Therefore, the 
loss of coarse particle is induced. As the water flow 
rate tends to be stable, the water flow channel is formed 
gradually, and the particle loss decreases gradually (stage 
Ⅲ, 15−25 min). 

(2) With the same initial porosity, the amount of loss 
particle increases by time. Additionally, high external 
water pressure can result in a rapid increase of the particle 

 

(a) ϕ0 = 0.35 

 

(b) ϕ0 = 0.30 

 

(c) ϕ0 = 0.25 
Fig. 6  Evolution curves of particle loss 
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loss. For high external water pressure, the fine particles 
in the filling materials can be more easily stripped from 
the skeleton by the water flow and then flow out as 
moving particles. 

(3) Under the same pressure, a large porosity can 
lead to a sharp increase of the particle loss. It is illustrated 
there are many movable particles for the loose strata. 
Therefore, the filling materials will flow out more rapidly 
under the external hydraulic pressure. 
3.1.3 Seepage under different water pressure 

(1) Porosity evolution 
The porosity is calculated by equation (4), and the 

porosity evolution curve is shown in Fig.7. 
As seen in Fig.7, the evolution of the porosity varies 

greatly with time with different initial porosities. When 
the initial porosity is 0.35, the growth rate of porosity 
is significantly higher than those for the initial porosity 
of 0.30 and 0.25. Under the same initial porosity condition, 
the external water pressure is the decisive factor of the 
porosity evolution. The greater the water pressure is, the 
more significant the increase of porosity is. Therefore, 
in practical engineering, the risk of water and mud inrush 
can be effectively reduced by grouting and other method 
to increase the stratum strength and reduce the stratum 
porosity. Moreover, water drainage which can help with 
pressure relief is also important to reduce the risks. 

 
Fig. 7  Evolution curves of porosity 

 
(2) Permeability evolution 
With the stripping, migration, and loss of fine particles, 

properties including porosity, permeability and Reynolds 
number increase accordingly. When the permeability 
increases to a certain degree, the flow pattern of water 
will change. In general, the flow state is determined by 

Reynolds number Re[23]. 

f pvd
Re

ρ
μϕ

=                                (5) 

where dp is the limiting particle size accounting for 
10% of the mass; v is the seepage velocity of water; μ 
is the dynamic viscosity of water; ρf is the density of 
water; and ϕ is the porosity of the sample. 

The former research results indicate[19] that when 
the Reynolds number is small (Re≤10), the flow pattern 
is mainly laminar or transition flow dominated by laminar 
flow. In this case, the seepage can be determined by 
Darcy's Law: 

( )f
kv p g zρ
μ

= − ∇ + ∇                        (6) 

where k is the permeability of the sample; ∇ is a 
Hamiltonian operator; z is the direction of gravity; and 
g is the acceleration due to gravity. 

Due to the small size of the sample, the effect of 
gravity can be ignored, and the seepage flow in the 
sample can be approximated as one-dimensional seepage 
flow: 

k pv
zμ

∂= −
∂

                                (7) 

The seepage velocity can be calculated from the 
water flow rate Q. 

2
Qv
a

=
π

                                  (8) 

It is assumed that the pressure gradient in the sample 
is uniformly distributed, then we can obtain as follows: 

i

p p
z h

∂ = −
∂

                                 (9) 

According to Eqs. (7)−(9), the permeability can be 
calculated using Eq.(10): 

2
ihQk

pa
μ=

π
                               (10) 

When the Reynolds number is larger than 10 (Re > 
10), the seepage is in a turbulent state. In this case, the 
Forchheimer non-darcy seepage equation[24] can be used 

2
f

p v v
z k

μ ρ β∂− = +
∂

                        (11) 

where β is the non-Darcy seepage inertia coefficient. 
Considering the continuous change of seepage with 

time, then the permeability at the time ti can be regarded 
as the average permeability within ti −ti+1. Therefore, 
the permeability ki of non-Darcy flow can be obtained by 
the quadratic polynomial method. 

( )
( )

11
12 2

1 1

i i ii
i i i

i i i i

v v v v
k h h

v h v h p

μ ++
+

+ +

−
=

−
，i = 1，2，…，m    (12) 

As seen in Fig.8, the permeability of filling materials 
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increases with time and the high external pressure can 
lead to a rapid increase of the permeability. At the initial 
stage of permeability evolution, the filling materials are 
extruded rapidly due to confining pressure, inducing a 
rapid increase of porosity. At the later stage of evolution, 
the permeability variation trend coincides with the per- 
meability time−varying curve. Under the condition with 
1 MPa water pressure and 0.35 initial porosity, the 
permeability increases from the initial value 5×10−13 m2 
to 100×10−13 m2, which is 20 times increase. In other 
cases, the increase of the permeability is within the 
range of 3−8 times. 

(3) Reynolds number 
When the Reynolds number reaches the critical value, 

the flow state of water changes from Darcy linear flow 
to nonlinear flow state. 

 
(a) ϕ0 = 0.35 

 

(b) ϕ0 = 0.30 

 

(c) ϕ0 = 0.25 

Fig. 8  Evolution curves of permeability 
 
Figure 9 shows the Reynolds number increases with 

time. With the same initial porosity, a high external water 

pressure results in a fast increase of the Reynolds number. 
At the initial stage, the porosity of the medium is small 
and the seepage velocity is low. Therefore, the particle 
migration is slow. At this stage, the seepage is the linear 
Darcy flow (Reynolds number below 10). When particles 
are lost to a certain extent, the porosity and permeability 
of the formation increase obviously, which leads to the 
transition of the seepage state from linear Darcy flow 
to non-Darcy flow. Then the seepage evolution turns into 
nonlinear flow stage. The Reynolds number increases 
with the initial porosity at the same external pressure. 
Under the condition with water pressure of 1 MPa and 
initial porosity of 0.35 (see Fig.9(a)), the Reynolds number 
increases from 4.5 to more than 10, indicating that the 
internal seepage of the medium changes from laminar 
to turbulent flow at this time and a large amount of 
movable particles flow out. Therefore, the pores in the 
filling body are connected and an obvious dominant 

 
(a) ϕ0 = 0.35 

 

(b) ϕ0 = 0.30 

 
(c) ϕ0 = 0.25 

Fig. 9  Evolution curves of Reynolds number 
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seepage channel is formed. As a result, the water flows 
in pipelines, leading to the direct outflow of water from 
the channel and the formation of a water inrush disaster. 
3.2  Gradient hydraulic loading test 

The experimental device was used to carry out model 
tests of water inrush with different hydraulic gradients 
i and different initial porosities ϕ of the medium, and 
the test results are shown in Fig.10. 

With the increase of hydraulic gradient, water flow 
rate, particle loss, porosity, Re, and permeability increase 
more rapidly over time. Under the gradient loading 
condition, the time-varying curve of each variable has 
a critical point of mutation, and the seepage state of the 
filling materials can be determined according to the 
seepage evolution mutation points of parameters such 
as water flow rate, particle loss and Re. Then the critical 
water pressure of the filling material can be determined. 

When the hydraulic gradient is smaller than or 
equal to 10, the 

 
(a) Water flow rate 

 
(b) Particle loss 

 

(c) Re 

 
(d) Permeability 

 

(e) Porosity 

Fig. 10  Time-varying evolution curves of parameters 
under gradient hydraulic loading 

 
variation ranges of water flow rate, particle loss (removing 
particles extruded by confining pressure within the first 
3 min) and the variation range of penetration parameter 
are very limited. Moreover, the Reynolds number is 
smaller than 10. This indicates that under this hydraulic 
gradient, there is no hydraulic erosion in filling materials 
and no start-up of fine particles. The critical hydraulic 
gradient of particles start-up is called particle starting 
hydraulic gradient[25−27], which is expressed by ist. 

When the flow velocity is small, the viscous force 
is dominant in the seepage flow. As the pressure gradient 
increases, the water flow rate of filling materials also 
increases with a small increasing rate. When the pressure 
gradient reaches a certain value, the flow velocity in 
the filling materials is relatively large and the inertial 
force gradually dominates in the seepage flow. Therefore, 
the time-varying curve of water inflow begins to become 
excessively nonlinear. This is the critical point where 
the permeability evolution of the fault fracture zone 
changes from Darcy flow to non-Darcy flow. With this 
critical hydraulic gradient, the water flow rate, particle 
loss, permeability, porosity and Re of the filling materials 
begin to increase rapidly. The results show that the par- 
ticle flow in the fracture zone is rapidly eroded and 
stripped away, and the seepage changes from laminar 
flow to turbulent flow with this hydraulic gradient. At 
this time, the critical hydraulic gradient is called the 
hydraulic gradient of flow state transition, which is ex- 

0

100

200

300

400

500

0 

200

400

600

800

1 000 

1 200 

1 400 

1 600 

0 10 20 30 40 50 60 70

i 

W
at

er
 fl

ow
 ra

te
 /(

m
L·

m
in

−1
) 

Time t/min 

ϕ0 = 0.30  ϕ0 = 0.25  ϕ0 = 0.35     i 

ist 

isd 

0

100

200

300

400

500

600

0

100 

200 

300 

400 

500 

0 10 20 30 40 50 60 70

Pa
rti

cl
e 

lo
ss

 /g
 

i 

Time t/min 

ϕ0 = 0.30  ϕ0 = 0.25  ϕ0 = 0.35     i 

ist 

isd

0

100

200

300

400

500

600

0

10 

20 

30 

40 

50 

60 

70 

80 

0 10 20 30 40 50 60 70

Re
 i 

Time t/min 

ϕ0 = 0.30  ϕ0 = 0.25  ϕ0 = 0.35     i 

0

100

200

300

400

500

600

0
20
40

60
80

100

120
140
160

0 10 20 30 40 50 60 70

i 

Time t/min

ϕ0 = 0.30  ϕ0 = 0.25  ϕ0 = 0.35     i 

Pe
rm

ea
bi

lit
y 

/1
0−1

3  m
2  

0

100

200

300

400

500

600

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0 10 20 30 40 50 60 70

ϕ i 

Time t/min 

ϕ0 = 0.30  ϕ0 = 0.25  ϕ0 = 0.35     i

8

Rock and Soil Mechanics, Vol. 41 [2020], Iss. 6, Art. 6

https://rocksoilmech.researchcommons.org/journal/vol41/iss6/6
DOI: 10.16285/j.rsm.2019.6527



               ZHANG Qing-yan et al./ Rock and Soil Mechanics, 2020, 41(6): 1911−1922               1919   

 

pressed by isd. Different initial porosities correspond to 
different isd. The larger the initial porosity is, the smal- 
ler isd is. 

Therefore, the critical water pressure of particle star- 
ting can be determined according to the evolution curve 
of particle loss under gradient hydraulic loading. Based 
on the evolution curve of water flow rate under gradient 
hydraulic loading, the critical water pressure for the 
transition of seepage flow pattern in fault fracture zones 
can be determined. Thus the critical point of the evolu- 
tion of water and mud inrush in the fault fracture zone 
can be determined. 

3.3  Tests under two hydraulic loading modes 
Table 2 shows that the maximum water flow rate, 

particle loss, permeability, Re and porosity under gradient 
hydraulic loading conditions are obviously greater than 
those under constant water pressure conditions. With the 
water pressures of 0.4, 0.7 and 1.0 MPa, the maximum 
water flow rates under three gradient hydraulic 
loadings are 1.8, 2.2 and 1.6 times of those under 
constant water pressure, respectively. The maximum 
particle loss masses under gradient hydraulic loadings 
are 1.2, 2.1 and 1.5 times of those under constant 
water pressure.

 
Table 2  Comparison of variables under two hydraulic loading conditions 

p/MPa Loading Water flow rate 
/(mL·min−1) Particle loss/g Permeability/10−13 m2 Re 

Porosity 

ϕ0 = 0.35 ϕ0 = 0.30 ϕ0 = 0.25 

0.4 
Constant  110 76 20  2.6 0.375 0.308 0.253 
Gradient 201 90 75 10.0 0.386 0.320 0.261 

0.7 
Constant 286 131 40 15.0 0.394 0.314 0.255 
Gradient 635 278 100 31.0 0.449 0.341 0.268 

1.0 
Constant 905 307 100 36.0 0.452 0.324 0.261 
Gradient 1 426 467 161 71.0 0.506 0.353 0.276 

 
The maximum permeabilities with gradient hydraulic 

loadings are 3.8, 2.5 and 1.6 times of those under con- 
stant hydraulic loading, and the maximum Reynolds 
numbers under gradient hydraulic loadings are 3.8, 2.1 
and 2.0 times of those with constant hydraulic loading. 
With the initial porosity of 0.35 and the water pressures 
of 1.0, 0.7 and 0.4 MPa, the maximum porosities under 
gradient water pressure loadings are increased by 11.9%, 
14.0% and 2.9%, respectively compared with those under 
constant water pressure. With the initial porosity of 
0.30 and the water pressures of 1.0, 0.7 and 0.4 MPa, 
the maximum porosities under gradient water pressure 
loadings are increased by 9.0%, 8.6% and 3.9%, res- 
pectively compared with those under constant water 
pressure. For the initial porosity of 0.25 and the water 
pressures of 1.0, 0.7 and 0.4 MPa, the maximum porosities 
under gradient hydraulic loadings are increased by 5.7%, 
5.1% and 3.2%, respectively compared with that under 
constant water pressure. 

By comparing the experimental results of the two 
loading modes, it is found that under the gradient loading 
mode, the evolution characteristics of the medium in 
the fault fracture zone are more obvious than that under 
the condition of constant hydraulic loading. The critical 
pressure of water and mud inrush is smaller. Under the 
gradient loading, the water flow rate, particle loss and 
permeability parameters increase significantly compared 
with that with the constant loading. This indicates that 
the excavation leads to the gradual increase of hydraulic 
gradient in the water-resistant structure, which further 
aggravates the risk of water and mud inrush. When the 
permeability evolution in the water-resistant structure 
changes from laminar to turbulent flow, the water pressure 

under gradient hydraulic loading is significantly lower 
than that under the constant hydraulic pressure. This 
reveals that the increase in the hydraulic gradient in 
the water-resistant structure caused by excavation weakens 
the ability of blocking water and mud of the water- 
resistant structure. Therefore, the critical water pressure 
of the water and mud inrush of the water-resistant 
structure under the traditional constant water pressure 
is smaller than the critical water pressure value from 
actual fault. 

4  Characteristics of permeability evolution 
in fault fracture zones under high osmotic 
pressure 
4.1  Analysis of flow state transformation based on 
Q−t and i−Q relationships 

Under the action of high osmotic pressure, the per- 
meability of fault fracture zones changes with water 
pressure. The water pressure is an important parameter 
for water inrush in tunnel through the fault fracture 
zone. Under high water pressure, the aquifer structure 
has a great potential energy of motion, which can ac- 
celerate the process of water and mud inrush in the 
fault fracture zones. 

Based on the analysis of the test data of water flow 
rate, the flow pattern transformation rule of the filling 
materials under the action of high osmotic pressure is 
revealed. 
4.1.1 Analysis of flow state transformation based on 
Q−t relationship 

The Q−t relationship (Fig.11) can directly show 
the evolution process of water and mud inrush in fault 
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fracture zones. Therefore, flow pattern transformation 
analysis based on Q−t relationship is helpful to understand 
the process of water and mud inrush in water-rich fault 
fracture zones. 

 
Fig. 11  Relationship between Q and t 

 

The Q−t relationship curve has obvious segmentation 
characteristics and two mainly segments can be identified 
as follows: 

Stage Ⅰ: laminar flow phase, namely the Darcy flow 
phase. The seepage mainly occurs at the early stage of 
the high-pressure seepage evolution test. The water flow 
rate increases continuously with pressure, and there is 
an obvious linear relationship between the water flow 
rate and time at this stage. The Q−t curve is a straight 
line through the origin, and the relationship can be ex- 
pressed as follows: 

( )sd0Q t i iα < <=                          (13) 

whereα is the proportion coefficient and isd is the critical 
hydraulic gradient. 

Stage Ⅱ: turbulent flow phase, namely non-Darcy 
flow phase. The seepage mainly occurs at the late stage 
of the high-pressure seepage evolution test. The water 
flow rate increases rapidly with the pressure. At this stage, 
the water flow rate has an obvious nonlinear relationship 
with the time. The Q−t curve tends to be an exponential 
curve, and the relationship can be expressed as follows: 

( )sde tQ i iγβ= ≤                          (14) 

Where β and γ are the proportional coefficients; and isd 
is the critical hydraulic gradient. 

The transition point (Qsd, isd) is an important cha- 
racteristic point. The relationship is linear before the 
transition point (Qsd, isd) and the relationship is nonlinear 
after the transition point (Qsd, isd). For 0<i<isd, the seepage 
in the fault fracture zone is Darcy flow. At this time, 
the permeability of the fault fracture zone is small and 
the water resistance ability is strong. For isd≤i, the par- 
ticles quickly migrate, and the seepage changes to non- 
Darcy flow. Then seepage channels are gradually formed. 
The permeability in the fracture zone increases, and the 
water resistance ability decreases. 

Therefore, the mathematical model of flow pattern 
transformation of seepage flow in fault fracture zones 
under high osmotic pressure can be expressed as follows: 

( )
( )

sd

sd

0

e t

t i i
Q

i iγ

α

β

<
=


<

 ≤

                        (15) 

4.1.2 Analysis of flow state transformation based on 
the i−Q relation 

The i−Q relationship (Fig.12) can reflect the critical 
hydraulic gradient in the evolution process of water and 
mud inrush in the fault fracture zones. Therefore, the 
analysis of flow pattern transformation based on i−Q 
relationship is helpful to deeply understand the controlling 
role of high osmotic pressure on the evolution of water 
and mud inrush in the water-rich fault fracture zones. 

 
Fig. 12  Relationship between i and Q 

 
As can be seen from Fig.12, The i−Q relationship 

curve has obvious segmentation characteristics and two 
mainly segments can be identified as follows: 

Stage Ⅰ: laminar flow phase, namely the Darcy flow 
phase. The seepage mainly occurs at the early stage of 
the high-pressure seepage evolution test and the water 
flow rate increases with the pressure. At this stage, the 
water flow rate has an obvious linear relationship with 
the time. The i−Q curve is a straight line through the origin, 
and the relationship can be expressed as follows: 

( )sd0i Q i iδ < <=                          (16) 

Where δ is the proportionality coefficient. 
Stage Ⅱ: turbulent flow phase, namely non-Darcy 

flow phase. The seepage mainly occurs at the late stage 
of the high-pressure seepage evolution test. The water 
flow rate increases rapidly with the pressure. During 
this stage, the water flow rate and the hydraulic gradient 
have an obvious nonlinear relationship, and the 
relationship can be expressed as follows: 

( ) ( )sd sd sdi Q Q i i iηε= − + ≤                  (17) 

Where ε and η are the proportional coefficients; Qsd is 
the water flow rate at the transition point. 

The transition point (Qsd, isd) is an important cha- 
racteristic point. The relationship is linear before the 
transition point (Qsd, isd) and the relationship is nonlinear 
after the transition point (Qsd, isd). For 0<i<isd, the see- 
page turns to Darcy flow. The permeability in the fracture 
zone is small and the water resistance ability is strong. 
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For isd≤i, the particles quickly migrate and the seepage 
changes to non-Darcy flow. Then seepage channels are 
gradually formed. The permeability in the fracture zone 
increases, and the water resistance ability decreases. 

Therefore, the mathematical model of flow pattern 
transformation of seepage flow in fault fracture zones 
under high osmotic pressure can be expressed as follows: 

( )
( ) ( )

sd

sd sd sd

0Q i i
i

Q Q i i iη

δ

ε

= 
− +

< <

 ≤
                (18) 

4.2  Characteristics of permeability evolution of fault 
fracture zones under high osmotic pressure 

The parameter permeability can represent the per- 
meability resistance of the fault fracture zone. The per- 
meability data in tests are analyzed, and the permeability 
evolution characteristics of the fracture zone under the 
action of high osmotic pressure are further revealed. 

As seen in Fig.13, the k−i relationship curve has 
obvious segmentation characteristics and can be mainly 
divided into the following three sections: 

 
Fig. 13  Relationship between of k and i 

 
Stage Ⅰ: a phase in which the permeability of the 

fault fracture zones increases under the action of confining 
pressure. The permeability at this stage increases rapidly 
during a short period. As the tunnel is excavated, a free 
face is formed. The loose particles in the fault fracture 
zone are quickly squeezed and flow away under con- 
fining pressure, which leads to an rapid increase in per- 
meability of the filling materials in a short time. The 
permeability of the fracture zone increases linearly with 
water pressure: 

( )0 st0k a i k i iΙ Ι < <= +                      (19) 

Stage Ⅱ: a phase in which initial impermeability is 
witnessed in the fractured zones under low pressure. 
The permeability increases slowly with time, and the 
k−i curve is approximately in parallel with the horizontal 
X-axis. The relationship between k and i can be expressed 
as follows: 

( )st sdk a i b i i i= + < <Ⅱ Ⅱ Ⅱ                     (20) 

Stage Ⅲ: a phase in which an abrupt change of 
permeability of fracture zone is found under high water 

pressure. At this stage, the permeability of the fracture 
zone changes significantly under the action of high 
pressure. Additionally, the permeability of fracture zone 
increases linearly with the pressure and the flow state 
of the fractured zone changes from laminar to turbulent. 
The relationship between k and i can be expressed as 
follows: 

( )sdk a i b i i+ <=Ⅲ Ⅲ Ⅲ                       (21) 

Based on the above analysis, a generalized model 
of permeability evolution under high osmotic pressure 
in fault fracture zones is proposed. The two points (kI, 
ist) and (kII, isd) are important. The permeability evo- 
lution process of the fault fracture zone under high 
osmotic pressure can be divided into the stage in which 
the permeability of the fracture zone increases under 
confining pressure, the stage in which the initial im- 
permeability of the fracture zone is witnessed under low 
pressure and the stage in which an abrupt change of 
the permeability of the fracture zone is detected under 
high pressure. Therefore, a generalized model for descry- 
ptions of permeability characteristics in the fractured 
zone under high osmotic pressure can be expressed as 
follows: 

( )
( )

( )

0 st

st sd

sd

0k a i k i i

k a i b i i i

k a i b i i

Ι Ι < <

<

= +

= +

=

<

<

+






Ⅱ Ⅱ Ⅱ

Ⅲ Ⅲ Ⅲ

                   (22) 

5  Conclusions 
A large-scale indoor water and mud inrush test system 

considering mass transfer and crustal stress state is 
designed. The three influencing factors for tunnel ex- 
cavation including high osmotic pressure, excavation 
disturbance and permeability resistance of medium are 
investigated. Meanwhile, the evolution mechanism of 
water and mud inrush disasters in the water-rich fault 
fractured tunnel is simulated with constant pressure load- 
ing, gradient pressure loading, and different initial por- 
osities of the medium. The main conclusions of the ex- 
periment are shown as follows: 

(1) Evolution of water and mud inrush disasters in 
fault fractured zones is a strong coupling process of see- 
page and erosion. In the beginning, fine particles in the 
filling of fracture zones migrate under the water pressure. 
Then, with the continuous migration and loss of fine 
particles, the flow pattern changes from laminar flow 
to turbulent flow, which eventually leads to water and 
mud inrush disasters. 

(2) With the higher osmotic pressure and the larger 
initial porosity of the filling in fractured zone, the para- 
meters including the water flow rate, the particle loss 
mass and the permeability will increase more rapidly 
and the evolution characteristics of water and mud inrush 
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are more obvious in the test.  
(3) The evolution characteristics of water and mud 

inrush are more obvious under the gradient loading than 
under the constant water pressure loading. With the critical 
water pressure, the flow pattern in the fillings will change.  

(4) A generalized model for the description of per- 
meability evolution characteristics of faults is constructed 
by analyzing flow state transition based on the relation- 
ships between water flow rate and time (Q−t), hydraulic 
gradient and water flow rate (i−Q). Moreover, the rela- 
tionship between permeability and hydraulic gradient 
(k−i) to describe the evolution characteristics of per- 
meability is considered in this generalized model. 
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