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In order to investigate the water inrush mechanism in completely weathered granite, a large-scale triaxial testing system is designed
and manufactured, which can induce the mass transfer and monitor the flow properties. Using this system, the effects of water
pressure and initial porosity on the mass transfer and flow properties were determined, and the relative critical conditions for
water inrush were proposed. The results indicate that (1) the particle transfer could cause an increase in porosity,
permeability, and water inflow, which is the essential reason for water inrush in completely weathered granite. (2) Due to
the effect of particle transfer, the flow properties may change from a Darcy to a non-Darcy flow, which is a key signal for
water inrush. (3) With the increase of water pressure, the mass transfer, permeability, and water inflow increased gradually,
and a critical value (p = 0 6MPa) that caused the water inrush was obtained. Furthermore, with the decrease of initial
porosity, the mass transfer and flow properties were suppressed rapidly, and a critical porosity (0.23) to anti-inrush was
observed. The results obtained can provide an important reference for understanding the mechanism, forecasting the risk,
and taking the effective control measures for water inrush.

1. Introduction

In recent years, a large number of tunnels have been
constructed in unfavorable geology such as completely
weathered granite, karst, and fault [1–4], causing various
challenges to the geotechnical engineers, for example,
collapse [5], land subsidence [6], groundwater inflow [7, 8],
and total environmental hazards [9]. The completely weath-
ered granite, one of the typical unfavorable geologies, is
widely distributed in subtropical, tropical, and humid tem-
perature zones [10–12]. This material has the properties of
weak water stability, low strength, and strong disintegration
[13]. Under the effect of water, this material erodes rapidly
and becomes weak and soil-like as observed in recent field
investigations ([1]; [14, 15]). Therefore, tunnel construction

in this condition often faces a great risk of water and mud
inrush [2, 8, 16], which has become a difficult issue for the
tunnel engineers.

In order to analyze and forecast the water inrush, many
scholars proposed various simplified methods, such as water
inrush coefficient [17, 18], underlying belt theory [19], and
key strata model [20]. However, these methods oversimplify
the geological conditions and cannot accurately predict the
probability of water inrush. Considering the flow properties,
some scholars proposed the flow stress coupling models
which the flow equation adopted a Darcy or modified Darcy’s
equation [21–23] and many other analytical and semiana-
lytical solution to predict the water inflow and water inrush
([7, 18, 24]); however, these models do not consider the
erosion property and nonlinear flow, which cannot reflect
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the mechanism of water inrush in completely weathered
granite. Furthermore, many research results showed that
lithology, water pressure, and pore structure are the key
factors causing water inrush [25–27]. For example, [25]
analyzed the water inrush of 12 coal seam floors and found
that water inrush is more prone to occur with water pressure
increasing. Walsh [28] and Wang et al. [29] studied the
permeability under different water pressures and confining
pressures. Moreover, many researches showed that the
critical conditions existed for water inrush, such as water
pressure and excavation thickness [4, 30].

In view of this, the objectives of this study are to investigate
the mass transfer and nonlinear seepage properties of
completely weathered granite and to quantify the impacts of
water pressure and initial porosity on the water inrush evolu-
tion. To do this, we designed a new testing system that can
simulate the properties of particle transfer and stress condi-
tions, investigated the seepage-erosion properties under differ-
ent water pressures and initial porosities, and finally proposed
the critical relative conditions for water inrush.

2. Experimental System and Procedure

2.1. Testing System. As shown in Figure 1, a self-designed
large-scale triaxial testing system is made up of four parties:
a pressure control system, a particle transfer permeability
testing system, an automatic data collection equipment, and
a water and mud collection equipment. Figure 1 illustrates
the system connections and principle.

The pressure control system is used to provide a constant
stability axial pressure, confining pressure, and water pres-
sure by three independent but the same structure pressure
systems, composed of a hydraulic cylinder, gas pump, relief
valve, and water pump. In the test, after using the water
pump to fill the hydraulic cylinder with water, the gas pump
is employed to provide a constant speed water inflow into the
permeability system.

The most important part of this system is the particle
transfer permeability testing system, which is mainly com-
posed of a sample cylinder, permeable plate, flow piston,
and cone funnel. A sample cylinder, with a maximum
diameter and height of 100mm and 300mm, respectively,
is used to place the test sample. The permeable plate design
containing numerous “uniform and dense” holes can
ensure that the water flows evenly, and the felt filtration
pad can prevent the pores of the permeable plate from
being blocked by the sample particles. The uniform “13-
mm-diameter hole” flow piston will cause some particles
from being flown away; the remaining particles pass
through the cone funnel and can be collected by an outlet
pipe and collection equipment.

The automatic data collection equipment includes pres-
sure sensors, a camera for monitoring the flow rate, a com-
puter, and a data acquisition instrument, which are used to
collect the test pressures and flow rate (water flow velocity
and particle transfer rate). The water and mud collection
equipment includes a fine strainer and a collection container,
which are used to filter and collect the particles and water.
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Figure 1: Large-scale triaxial testing system.
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2.2. Testing Design and Procedure

2.2.1. Testing Sample and Design. The samples used in the test
were selected from approximately −100 strata in a typical
weathered granite tunnel engineering, in Junchang tunnel
in Guangxi Province of China [16]. Tests by the X-ray
diffraction analysis showed that the sample minerals are
quartz, illite, and kaolinite with a mass proportion of
75.2%, 19.3%, and 5.5%, respectively. Table 1 presents the
basic physical and mechanical parameters of completely
weathered granite.

According to practical engineering, the axial pressure,
confining pressure, and water pressure tests were 2MPa,
1MPa, and 0.6MPa, respectively. In the test, the coarse
particles (>10mm) were screened out, and the soil particles
are classified into the following five groups based on the par-
ticle sizes using a screening test sieve machine: 0–0.25mm,
0.25–2mm, 2-3mm, 3–5mm, and 5–10mm. The samples
used include the above five group particle sizes with the
weight designed as shown in Table 2. Furthermore, the
designed sample height and diameter were 200mm and
100mm, respectively.

2.2.2. Testing Method and Procedure. The samples are
required to be completely saturated by water before each
experiment. The testing fluid is water with density =
1000 kg/m3 and kinetic viscosity = 1.01× 10−3 Pa·s at the
standard state. To obtain stable readings, measurements
of the pressure and flow rate are performed after the
axial pressure and confining pressure are maintained at
a fixed level.

The test steps are as follows:

(1) Fill the sample: first, weigh the sample. Place and
compact the sample into the sample cylinder as layers
and then install the permeable plate and assemble the
test system.

(2) Saturate the sample: saturate the sample with a water
injection using the water pressure control system and
then measure the initial permeability.

(3) Apply the axial and confining load: apply the axial
and confining load to the sample gradually, reach
the desired values, and then keep the loads steady
until the test is completed.

(4) Apply the water pressure to the sample and collect
the test data: first, apply the desired water pressure
to the sample gradually and start the penetration test.
Then immediately monitor the test data (pressure
and flow velocity) and collect the eroded particles
and water flow every 30 s.

Figure 2 illustrates the entire experimental procedure.
The criteria for the test termination are that the particles
are not eroded away and the flow water is clear.

2.3. Test Parameter Measurement and Calculation Principle.
During water flow in a completely weathered granite, the
particles will be washed away because of the effect of water
pressure, which will cause an increase in the porosity and
permeability and thus induce an increase in the water inflow.
Moreover, the flow properties may change from a Darcy flow
to a non-Darcy flow, with a consistent increase in particle
loss. Therefore, based on the mass transfer, the porosity,
permeability, water inflow evolution rate with time, a non-
Darcy flow, and water inrush can be determined.

2.3.1. Mass of Particle Transfer. In the tests, particles are
collected every 30 s (Δt), and the particle mass transferred
in each Δt is Δm1, Δm2,… , Δmm.

The total particle mass transfer for ti = Δt1 + Δt2 +⋯ +
Δti = iΔt i = 1, 2,… ,m is mm.

mi = Δm1 + Δm2 +⋯ + Δmi  i = 1, 2,… ,m 1

2.3.2. Porosity Evolution. The sample porosity will increase
with the particle transfer. Porosity φi in time ti−1, ti is

φi = φ0 +
1

πa2hiρs
Δm1 + Δm2 +⋯ + Δmi   i = 1, 2,… ,m ,

2

Table 1: Physical and mechanical parameters of completely weathered granite.

Natural density/g cm−3 Natural moisture/% Porosity Permeability coefficient/cm s−1 Cohesion cuu/kPa Internal friction angle Φuu/
°

1.9 17 0.36 4.05× 10–4 60.2 1.9

Table 2: Test scheme.

Number Water pressure (MPa) Initial porosity Total mass mt (g)
Weight to each particle size (g)

m(0–0.25 mm) m(0.25–2 mm) m(2-3 mm) m(3–5 mm) m(5–10 mm)

1 0.2 0.36 3233 628.5 885.1 569.6 430.9 718.8

2 0.4 628.5 885.1 569.6 430.9 718.8

3 0.6 628.5 885.1 569.6 430.9 718.8

4 0.6 0.23 3890 756.2 1064.9 685.3 518.4 864.8

5 0.30 3536 687.5 968.1 623.0 471.3 786.1

6 0.36 3233 628.5 885.1 569.6 430.9 718.8
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where a is the sample radius; ρs is the mass density of the
grain. hi is the real-time sample height, which is calculated
according to the mass transfer. To calculate the real-time
height, it is assumed that the mass transfer is approximately
from the bottom sample particles, leading to a change in
the sample height. The expression of hi is as follows:

hi = h0 −
1

πa2ρs
Δm1 + Δm2 +⋯ + Δmi   i = 1, 2,… ,m

3

2.3.3. Permeability Evolution and Non-Darcy Approach.
Under the effect of particle transfer, the sample permeability
will increase and may cause the flow pattern to change from a
Darcy to a non-Darcy flow. For a completely weathered
granite, the Reynolds number (Re) is defined as follows:

Re =
ρfvdp
μφ

, 4

where ρf is the water density, v is the average water flow
velocity, dp is a grain diameter greater than that of 10% of
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Figure 2: Experimental procedure of completely weathered granite.
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the particles by weight, and μ is the kinetic viscosity of
the water.

Various studies have shown that the critical Reynolds
number for a flow between a Darcy and a non-Darcy flow
is 10, and that for different porous media, this limit is slightly
different [31, 32].

When Re ≤ 10, the flow satisfies Darcy’s law as follows:

v = −
k
μ

∇p + ρfg∇z , 5

where k is the sample absolute permeability, ∇pis the pore
pressure gradient, g is the gravitational acceleration, and z
is the vertical axis passing through the center of the sample
and its direction is upward.

Compared with the water pressure, gravity can be
ignored owing to the relatively small sample size, and Darcy’s
law for a one-dimensional axial flow can be simplified
as follows:

v = −
k
μ
∇p, 6

where v is calculated by water inflow Q.

v = Q
πa2

7

In the test, the upstream end of the sample was connected
to the water pressure system, which could automatically
record the change in the pore pressure over time. The inlet
boundary at pore pressure p1 was assumed to have a steady
value of p as tested and designed, whereas the outlet bound-
ary was exposed to the atmosphere, causing pore pressure p2
to be zero. Assuming that the water pressure is uniformly dis-
tributed, the pressure gradient can be simplified as follows:

∇p = ∂p
∂z

= −
p2 − p1
hi

= −
p
hi

8

Therefore, combining (5), (6), (7), and (8), permeability
ki at moment ti can be obtained for the Darcy flow.

ki =
Qμ
πa2

hi
p
  i = 1, 2,… ,m 9

When Re > 10, the flow rate will increase rapidly and
the flow process will enter the non-Darcy stage. The
Forchheimer equation [33] as given below, considering

the inertia force of the fluid flow, is more suitable for
depicting the non-Darcy flow.

−
∂p
∂z

= μ

k
v + ρfβv

2, 10

where β is the coefficient of the non-Darcy flow.
Considering the permeability to be continuously chang-

ing in the evolution process, to obtain the time evolution of
permeability, permeability ki at moment ti was approxi-
mately calculated by the average permeability value at time
(ti – ti+1). Therefore, the permeability for the non-Darcy flow
can be obtained by a second-order polynomial method.

ki =
μvivi+1 vi+1 − vi
vi+12hi − vi2hi+1 p

hihi+1  i = 1, 2,… ,m , 11

where vi is the flow velocity at moment ti.

2.4. Fluidized Grain Concentration. Fluidized grain concen-
tration c refers to the concentration of grains dissolved in
the fluid and is defined as follows:

c = Δmi

ρfΔQi + Δmi
  i = 1, 2,… ,m , 12

where ΔQm is the water inflow in time Δt.

3. Test Results and Discussion

In order to investigate the impact of water pressure and
porosity on seepage-erosion properties of completely weath-
ered granite and to propose the respective critical conditions
for water inrush, a series of tests consider the last factors as
water pressure and initial porosity were conducted, and the
mass transfer, porosity, water inflow, permeability, and the
flow pattern through the tests were also monitored. Specifi-
cally, first, the tests under different water pressures were
conducted to investigate the critical water pressure for water
inrush, and then the variable initial porosity based on the
critical water pressure was conducted to investigate the
critical porosity.

The transferred particles are collected for every 30
seconds; according to (1), the mass transfer for ti i = 1,
2,… , n can be obtained as shown in Table 3. Meanwhile,
according to (2), the porosity to time ti can be calculated
as shown in Table 4. By data collection of water inflow
and combining (4), (9), and (11), the Reynolds number,

Table 3: Mass transfer amounts with time to each sample (g) (partial results).

Number Water pressure (MPa) Initial porosity
Time (min)

0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0 8.8 17.4 30.8 45.0 54.8

2 0.4 0 20.0 34.9 66.5 85.0 92.3 116.1 145.7

3 0.6 0 8.4 25.5 76.7 129.2 205.7 276.9 287.9 345.6

4 0.6 0.23 0 13.0 22.5 39.1 67.9 86.7 99.4 101.7 113.2 120.3

5 0.30 0 38.3 62.9 88.1 116.8 137.3 149.0 164.4 240.2 259.9

6 0.36 0 8.4 25.5 76.7 129.2 205.7 276.9 287.9 345.6
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permeability can be obtained, as shown in Tables 5 and 6.
All of the data are drawn in Figures 3–13.

3.1. Effect of Water Pressure on Seepage-Erosion Properties

3.1.1. Mass Transfer Properties under Different Water
Pressures. According to the field investigation, large varia-
tions of water pressure exist in the weathered zone of
Junchang tunnel, which range from 0.2 to 1.5MPa. There-
fore, tests of different water pressures but the same porosity
(0.36) were carried out to study the critical water pressure
for water inrush, and the designed water pressures were
increased from 0.2MPa to critical value by every 0.2MPa.

As shown in Figure 3, the weight of particle transfer m
increases with time passes and meets maximum finally. For
p = 0 2MPa, the maximum mass transfer is 54.84 g, reaching
1.7% of the total mass, and the average mass rate (curve
slope) is 1.37 g/min. When p = 0 4MPa, the mass transfer
and average mass rate increase to 190.42 g and 2.5 g/min,
respectively. With the pressure increases to 0.6MPa, the mass

transfer and average mass rate significantly increase to
354.22 g and 5.37 g/min, respectively. This is mainly because
of higher water pressure has higher water seepage ability. The
mass transfer is lower than 5% of sample total mass when
p ≤ 0 4MPa; however, when p = 0 6MPa, the mass transfer
reaches the 11% of the total mass, indicating that a large
amount of particles has been eroded.

Figure 4 shows the porosity increases with water pres-
sure; the finial porosity for p = 0 2, 0.4, and 0.6MPa is 0.37,
0.40, and 0.44, a 2.8%, 11.1%, and 22.2% increase of initial
porosity, respectively. It can be obtained that the evolution
of porosity is consistent with the mass transfer.

Furthermore, the fluidized grain concentration, which
can reflect the effect of the mass generation and water seep-
age process, can be divided into two stages, namely, increased
at first and decreased at last, as shown in Figure 5. At the first
stage, owing to the high content of fine particles and low
permeability, numerous particles will be generated and
cannot be transferred, resulting in an increase in fluidized
grain concentration. In contrast, the concentration will

Table 4: Porosity with time to each sample (partial results).

Number Water pressure (MPa) Initial porosity
Time (min)

0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0.36 0.36 0.36 0.37 0.37 0.37

2 0.4 0.36 0.36 0.37 0.38 0.38 0.38 0.39 0.39

3 0.6 0.36 0.36 0.37 0.38 0.39 0.41 0.43 0.43 0.44

4 0.6 0.23 0.23 0.23 0.24 0.24 0.25 0.25 0.25 0.25 0.26 0.26

5 0.30 0.30 0.31 0.32 0.32 0.33 0.33 0.34 0.34 0.36 0.36

6 0.36 0.36 0.36 0.37 0.38 0.39 0.41 0.43 0.43 0.44

Table 5: Reynolds number with time to each sample (partial results).

Number Water pressure (MPa) Initial porosity
Time (min)

0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0 0.07 0.11 0.07 0.07 0.10

2 0.4 0 1.70 2.44 2.32 2.34 2.42 3.50 3.94

3 0.6 0 0.74 2.11 6.84 8.65 12.16 13.00 10.38 11.81

4 0.6 0.23 0 0.21 0.12 0.13 0.15 0.14 0.16 0.16 0.16 0.16

5 0.30 0 1.97 1.36 1.20 1.75 2.51 2.50 2.98 1.54 1.87

6 0.36 0 0.74 2.11 6.84 8.65 12.16 13.00 10.38 11.81

Table 6: Permeability with time to each sample (unit: e− 12m2) (partial results).

Number Water pressure (MPa) Initial porosity
Time (min)

0 5 10 20 30 40 50 60 90 120

1 0.2 0.36 0.5 4.1 5.5 6.2 6.4 6.2

2 0.4 0.5 3.4 4.4 4.5 4.7 4.3 6.5 7.5

3 0.6 0.5 1.0 1.8 8.4 12.1 14. 9 14.6 14.1 15.6

4 0.6 0.23 0.3 4.6 3.1 2.5 3.3 3.3 3.9 4.0 4.1 5.2

5 0.30 0.4 2.4 1.8 1.3 1.7 2.7 2.8 3.5 2.0 2.0

6 0.36 0.5 1.0 1.8 8.4 12.1 14. 9 14.6 14.1 15.6
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decrease with the increase in seepage ability along with the
decrease in mass generation in the second stage. From
Figure 5, the peak value of concentration decreases with the
increase in water pressure, and this is mainly because of
the higher water pressure has higher water seepage ability,
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resulting in the particle transfer that is faster than mass
generation, which indicates that a water inrush channel
is easier to form.

Therefore, it is reasonable to conclude that the particle
transfer is the key factor determining the porosity and flow
properties such as permeability and flow pattern, as discussed
in the following sections. In addition, when p ≥ 0 6MPa, the
mass transfer and porosity increase rapidly in a short time,
indicating that the risk of water inrush is more serious.

3.1.2. Seepage Properties under Different Water Pressures.
Water inflow, the key factor in evaluating the risk of water
inrush, is shown in Figure 6. The water inflow increases with
the increasing water pressure; the increase for p ≤ 0 4MPa is
linear and smaller, and the maximum value is 91.89ml/min.
In comparison, the water inflow when p = 0 6MPa is as high
as 395.84ml/min, larger by over 4.3 times that when p ≤ 0 4
MPa. This indicates that there exists a critical water pressure
(0.6MPa) to induce the significant increase of water inflow.

By collecting water inflow data and using (4), the time
evolution of the Reynolds number (Re) to variable water
pressure can be obtained, which is shown in Figure 7. As
stated by various scholars, for a flow between a Darcy and a
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non-Darcy, the critical Reynolds number is 10 [31, 32].
Therefore, it can be observed from the figure that in the
entire time, Re is linearly evolving, and the maximum Re is
3.67, which is much less than 10 when p < 0 6MPa, indicat-
ing that the flow is a Darcy flow. However, when p = 0 6M
Pa, Re increases rapidly, exceeding 10 in 28min, and a
maximum Re of 16.7 is attained, indicating that the flow
pattern has changed from a Darcy to a non-Darcy flow after
28min of evolution (see Table 7).

By collecting water inflow data, combining (9) and (11),
and considering the flow pattern, the time evolution of
permeability k with variable water pressure can be obtained,
as displayed in Figure 8.

Permeability increases with time, and concurrently, a
higher water pressure corresponds to a higher ultimate
permeability and permeability increase amplitude, as is
evident from Table 8, for example, ultimate permeabil-
ity and permeability increase amplitude for 0.2MPa are
6.1e− 12m2 and 12.2, respectively, and that for 0.6MPa
are 1.8e− 11m2 and 36, respectively. Meanwhile, the increase
in permeability for p < 0 6MPa is relative smaller, while
when pressure increases to 0.6MPa, the permeability
increases rapidly and nonlinearly.

It can be observed that the variable of seepage behaviors
such as water inflow, Reynolds number, and permeability
increased more slowly and that growth is very smaller
under low water pressure (p < 0 6MPa), and the flow is a
Darcy linear flow. With the increase of water pressure
(p ≥ 0 6MPa), the evolution of seepage behaviors increased
rapidly, and the flow pattern has changed from a Darcy to a
non-Darcy flow, which means that the water inrush risk
increases seriously.

Therefore, it is reasonable to conclude that the particle
transfer is the key factor determining the porosity, perme-
ability, and water inrush. In addition, when p ≥ 0 6MPa,
the mass transfer and porosity, water inflow, and permeabil-
ity increase rapidly in a short time, indicating that the risk of
water inrush is more serious, and it means that the critical
pressure of water inrush is 0.6MPa.

3.2. Effect of Initial Porosity on Seepage-Erosion Properties.
Based on the above test analysis, a critical water pressure
(0.6MPa) of water inrush was obtained for completely
weathered granite with initial porosity of 0.36. Meanwhile,
in practical engineering, the pore filling or backfilling is one
of the measures to prevent the water inrush. In order to ana-
lyze the effect of initial porosity on seepage-erosion proper-
ties, and to provide the proposed value for water inrush
prevention. Tests are carried out with different initial
porosities but with the same water pressure (0.6MPa); the
designed porosities were decreased from 0.36 to critical
value by approximately every 16% of initial porosity (0.36),
namely, 0.36, 0.3, and 0.23 critical values.

3.2.1. Mass Transfer Properties under Different Initial
Porosities. As shown in Figure 9, the mass transfer decreases
with the decrease of initial porosity. For φ = 0 36, the maxi-
mum mass transfer is 354.22 g, reaching 11% of the total
mass, When φ decreases from 0.36 to 0.3, the maximummass

transfer decreases from 17.3% to 292.78 g, but still reaching
8.3% of the total mass; moreover, when φ decreases to
0.23, the maximum mass transfer decreases from 65.7% to
121.4 g, only reaching 3.1% of the total mass. This indicates
that the decrease of initial porosity is an effect measure to
restrain the mass transfer and water inrush risk, especially
when the porosity decreases over 30% of the undisturbed soil.

With the decrease of initial porosity, the porosity increase
amplitude and rate of finial porosity decrease, and the total
evolution time extends in general, as shown in Figure 10
and Table 9. For example, the evolution time, the porosity
increase amplitude, and increase rate for 0.36 are 66min,
28.8%, and 0.12%/min, respectively, in comparison, while
when φ = 0 23, the evolution time extends to 132min, twice
longer than that in φ = 0 36, and the porosity increase ampli-
tude and increase rate are 8.7% and 0.015%/min, respectively,
a 70% and 87.5% decrease of that in φ = 0 36, respectively.
This is mainly because that the sample with lower porosity
has a higher compactness, a lower permeability, and a smaller
flow channels.

3.2.2. Seepage Properties under Different Initial Porosities. As
displayed in Figure 11, water inflow decreases with the
decrease of initial porosity, for example, water inflow for
φ = 0 36 is 395.84ml/min, and the evolution curve is non-
linear, while when φ ≤ 0 3, the evolution curve is kept stable
and almost unchanged; the finial water inflow is less than
100ml/min, an over 60% decrease of that in φ = 0 36,

Table 7: Results of Reynolds number for different water pressures.

p/MPa Max (Re) Time for critical Re/min Flow pattern

0.2 0.10 — Darcy

0.4 3.67 — Darcy

0.6 16.70 28 Darcy, non-Darcy

Table 8: Results of permeability for different water pressures.

p/MPa
Initial

permeability
k0 (m

2)

Ultimate
permeability

kf (m
2)

Total
time

t (min)

Permeability
increase

amplitude kf /k0
0.2 5.0e− 13 6.1e− 12 40 12.2

0.4 5.0e− 13 7.1e− 12 76 14.2

0.6 5.0e− 13 1.8e− 11 66 36

Table 9: Results of porosity for different initial porosities.

Initial
porosity
(φ0)

Final
porosity
(φm)

Total
time

t (min)

Porosity
increase
amplitude
(φm−φ0)/φ0

Porosity
increase rate
(φm−φ0)/t

0.23 0.25 132 8.7% 0.015%

0.30 0.37 146 23.3% 0.048%

0.36 0.44 66 28.8% 0.121%
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indicating that the water inflow decreases rapidly when
the initial porosity decreases to 0.3, especially it decreases
30% to 0.23.

Figure 12 shows the time evolution of the Reynolds
number (Re) to variable initial porosity. It can be observed
from the figure that Re increases rapidly and nonlinearly,
exceeding the critical Reynolds number in 28min when
φ = 0 36, indicating that the flow is a non-Darcy flow.
However, with the initial porosity decrease, the maximum
Re decreases to 4.17; particularly for 0.23, the maximum
Re is only 0.165, which is much less than 10, and in the
entire time, Re is linearly evolving, indicating that the flow
has changed from a non-Darcy to a Darcy flow.

Figure 13 shows the time evolution of permeability kwith
variable initial porosity. Permeability increases with time,
and concurrently, a lower initial porosity corresponds to
a lower ultimate permeability and permeability increase
amplitude, as is evident from Table 10, for example, the
ultimate permeability and permeability increase amplitude
for φ = 0 36 are 1.8e− 11m2 and 36, respectively; however,
for φ = 0 23, the ultimate permeability is 3.7e− 12m2, an
80% decrease of that in φ = 0 36, and the permeability
increase amplitude is 12, a 67% decrease of that in φ = 0 36.
This indicates that the permeability evolution can be effec-
tively restrained when the initial porosity decreases to 0.3
below, particularly for φ = 0 23.

Based on the above analysis of the mass transfer, porosity,
and flow properties under different initial porosities, it is
reasonable to conclude that the pore filling or backfilling is
an effective measure to ameliorate the anti-inrush properties
for completely weathered granite. In addition, when the
porosity decreases 30% of initial porosity to 0.23, the ultimate
mass transfer, water inflow, and permeability decrease 65.7%,
60%, and 80%, respectively, indicating that the risk of water
inrush was reduced significantly, and it means that the
critical porosity of anti-inrush in completely weathered
granite is 0.23.

4. Conclusions

A self-designed apparatus was developed to investigate the
evolution features of water inrush in completely weathered
granite, and a series of tests were carried out to study the
effects of water pressure and porosity on seepage-erosion
properties. The main findings were as follows:

(1) The particle transfer could cause an increase in the
porosity, permeability, and water inflow and eventu-
ally induce a water inrush disaster. Meanwhile, the

flow pattern may be changed with the mass transfer;
at the beginning, the flow is a Darcy flow; however,
with the continuous particle transfer, the flow may
be transferred into a nonlinear flow, leading a rapidly
increase of permeability and water inflow, which is a
significant signal for water inrush.

(2) A series of tests were designed to investigate the
effects of the water pressure on water inrush evolu-
tion, and a critical value (p = 0 6MPa) that caused
the water inrush was obtained. In particular, when
the water pressure increased to the critical value, the
values of water inflow and permeability reached
395.8ml/min and 1.8e− 11m2, respectively, both
thrice larger than that at a lower water pressure
(p ≤ 0 4MPa), and the flow changed from a Darcy
flow to a significant nonlinear flow.

(3) Based on the tests under different water pressures,
tests with variable porosities were carried out to study
the initial porosity on the water inrush evolution, and
a critical value (φ = 0 23) to control the water inrush
was observed. In particular, when the initial porosity
decreases to the critical value, the values of water
inflow and permeability both decrease 80% of that
in undisturbed stratum (φ = 0 36), and the flow
pattern has changed from a nonlinear flow to a Darcy
flow, indicating that the water inrush risk has been
restrained and the pore filling or backfilling technol-
ogy is an effective measure to prevent water inrush.
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