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Abstract
Dynamic research methods were used to assess the stability of non-Darcian seepage and verify that parameter changes are 
an important cause of mine water inrush due to a karst collapse pillar (KCP). A KCP is an infiltration system that contains a 
large amount of partially cemented crushed coal and rocks, and can be very dangerous. We analysed the influence of param-
eter changes on the stability, the initial permeability, the equilibrium flow velocity, and the deviation factor β to study the 
non-Darcian seepage characteristics of this crushed coal media system. The permeability parameters of the internal structure 
of a KCP were used to characterize the evolution of a KCP water inrush accident. In the physical tests, the porosity of the 
framework was the factor that determined the seepage state of the porous medium and the initial permeability of the frame-
work. For mines with a risk of KCP water inrush, the permeability parameters also have a safe range. Numerical calculations 
verified that the system’s equilibrium state was stable, and that it has two equilibrium flow rates vs2 (3.5 × 10−4 m/s) and vs3 
(5.5 × 10−4 m/s); this interval will not cause a change in flow regime. Thus, the limiting value of the non-Darcian deviation 
factor β was defined given the experiment’s initial conditions: when it is less than − 1.5 × 1011 kg/m4, the system is not in 
equilibrium, and the seepage system will lose stability.
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Introduction

A karst collapse pillar (KCP) is a special geological structure 
formed by sedimentation, dissolution, compaction and natu-
ral cementation of broken coal and rock due to long-term 
geological movement and groundwater (He et al. 2009; Ma 
et al. 2015). The internal filling of a KCP is easily affected 
by groundwater and can migrate, making these porous media 
structures extremely unstable. Water inrush can be caused 
by the destruction of the karst structure, forming a channel 
for groundwater inflow. If high-pressure water in an aquifer 
floods into the KCP, it can produce a water inrush disas-
ter (Lu et al. 2015; Ma et al. 2017). As the speed of the 
water increases, the Forchheimer flow in the KCP is first 
dominated by viscous drag, which gradually transitions to 

combined viscous and inertial drag, and is ultimately domi-
nated by inertial drag (Qi et al. 2017). From the perspective 
of seepage in porous media, it is believed that high-pressure 
groundwater can cause the water to flow through a KCP fast 
enough to create a non-linear, high-speed Forchheimer seep-
age field (Xue et al. 2018).

Scholars have carried out a lot of research on the man-
agement and model analysis of KCP water inrush accidents. 
Among them, Miao et al. (2007) proposed some water bar-
rier models: lithologic water-resisting with a weak rock 
layer, structure water-resisting with a hard rock layer, and 
water-resisting with the fracture passage closing. Zhou et al. 
(2018) used a hierarchical analysis structure model of a deep 
well floor water inrush to calculate the weight of each influ-
encing factor, and sorted these factors to determine the main 
factor of influence. These methods have certain feasibility, 
and to a certain extent can temporarily solve the problem 
of mine water inrush. However, the effects of geology and 
hydrology have caused the mechanical properties and per-
meability properties of KCPs to be quite different from those 
of general rock masses. Natural groundwater and the internal 
structure of a KCP are a coupled process of interaction and 
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mutual influence. Thus, it is necessary to study the seepage 
characteristic parameters of crushed coal media from the 
overall stability of the seepage system to better prevent and 
manage KCP water inrush accidents in mines, and analyse 
the causes of KCP water inrush accidents and the mecha-
nisms of water inrush.

Considering that the seepage system composed of this 
crushed coal medium belongs to a complex nonlinear sys-
tem, we analysed the core parameters, such as the porosity 
and permeability of the crushed coal medium system, by 
combining physical test and numerical calculation methods. 
Parameter ranges and critical parameters were obtained for 
maintaining steady-state permeability of the seepage system, 
providing the core judgment basis and reference values for 
predicting water inrush accidents. Furthermore, by measur-
ing on-site parameters, such as water seepage volume, the 
number of infiltration channels, surrounding stress values 
and other parameters at mines with a risk of KCP water 
inrush, these accidents can be scientifically evaluated. Sup-
plemental Figure S-1 shows the specific geological structure 
of the mine and the sampling location of the sample.

Collection of Basic Parameter Data

Test Equipment

We also independently designed and used a tri-axial seepage 
test system to accurately measure the initial permeability, 
k, and the deviation factor, β, to be used in the numerical 
calculation. Several initial seepage process parameters can 
be measured with the system including: flow Q, mass m, 
flow velocity v, pressure p, and time t. After conversion, 
many parameters required for the numerical calculation were 
obtained. A schematic diagram of the permeability meter is 
shown in supplemental Fig. S-2.

The KCP is a special geological phenomenon. It is formed 
by the deposition, compaction, and recementation of broken 
coal. Most of its structure is made of coarse particles. At 
higher hydraulic gradients and flow velocities, it often shows 
a non-Darcian seepage state, and so better understanding of 
the non-Darcian flow factor is important (Phanikumar et al. 

2002; Zhang et al. 2018a). A large number of laboratory 
experiments have been carried out using a natural core as 
the flow skeleton and air or water as the flow medium to 
determine the size of the β coefficient, generally based on 
the Forchheimer empirical formula J = av + bv2 (Cherubini 
et al. 2012; Ouyang et al. 2016); to measure non-Darcian 
flow β factors, many scholars (Evans 1994; Geertsma 1974; 
Li 2001; Macdonald 1979; Pascal 1980) established relevant 
empirical formulas through experimentation (Table 1).

Testing Process

In this test, the diameter of the produced sample was φ50 
mm, the height was 50 mm, and coal particles were the sam-
ple material. Four sizes of coal particles were mixed with 
50 g of cement, and shaped using a mold to create nine sam-
ples (M-1 to M-9), which was then representatively tested. 
The axial pressure was set at 0.1, 5, 10, 15, 20, 25, 30 KN, 
the chosen lateral pressure was 3 MPa, and the seepage pres-
sure was 0.5, 1.0, 1.5, 2.0, 2.5, or 3.0 MPa. The speed of the 
permeate was directly tested using a tri-axial permeameter. 
By calculating the Reynolds number, the flow state during 
infiltration was preliminarily judged, and the permeability kD 
in the Darcy state was calculated. The Forchheimer formula 
was used to calculate the k and β values in the non-Darcy 
state. The results of the seepage parameter measurements 
are shown in Table 2.

By analysing the phenomenon, we found that high poros-
ity was associated with many channels inside the sample and 
a high flow velocity. When the porosity was small, most of 
the internal pore channels of the sample were sealed and 
the flow velocity was small. However, determination of the 
β-factor is currently limited to indoor physical tests, which 
cannot characterize the global response of the seepage 
system.

Calculation Method

The boundary conditions are more complicated for the water 
inrush problem caused by the special geological structure 
of a KCP, as the material is a discontinuous medium, which 

Table 1   Different scholars’ 
research results on β 

Scholar’s name Test object (sample material) Fitting formula

Geertsma J Sandstone, limestone, dolomite � = 1.59 × 103
�
√

k�5.5

Evans RD Multiple porous media and gases � = 5.5 × 109
/

k
1.25�

0.75

Li D Nitrogen and tight sandstone � = 1.15 × 109
/

k�

Macdonald IF Multiple gases (CO2, CH4, H2) � = 4.92 × 106
�
√

k�1.5

Pascal H Fractured rock mass (engineering test) � = 4.8 × 1010
/

k
1.176
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makes it quite difficult to establish an accurate model of the 
problem (Packard et al. 1980; Zhang et al. 2018b). At the 
same time, the field engineering environment is relatively 
complex and there are few kinetic signals that can be tested. 
Therefore, it is necessary to describe the dynamic character-
istics of the system using several time series (Takens 1981; 
Wang et al. 2017). The specific process follows.

Construction of the Non‑Darcy Seepage Equation

The governing equation of non-Darcian flow in a broken 
coal rock mass includes three equations to calculate mass 
conservation, seepage motion, and state of equilibrium. 
Wang et al. (2017) gives the numerical calculation format 
of the one-dimensional non-Darcy flow equation, which the 
equilibrium state of the system 
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direction of seepage flows from bottom to top. The seepage 
model of broken coal is shown in Fig. 1.

Numerical Calculation Method

To solve the seepage equation, the following format was 
constructed. The partial derivative of t uses the forward 
difference formula, and the partial derivative of x uses the 
central difference formula, where i represents time and j 
represents displacement, resulting in:

Iteration method: the successive over-relaxation method 
(SOR), among them (0 < ω < 1), where ω = 0.6, is a correc-
tion of the Gauss–Seidel (G-S) method. First, setting the 
component x(k+1)

j
( j = 1, 2, ..., i − 1 ) of the known quantity 

x(k) , then, use the G-S method to define the auxiliary quantity 
x
(k+1)

i
 , the form is as follows:

Finally, the weighted average of x(k)
i

 and x(k+1)
i

 is defined as 
x
(k+1)

i
 . From this process, an iterative formula for pore pres-

sure pi,j and percolation velocity vi,j can be constructed in 
the form:
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(4)
{

pi,j+1 = pi,j + �(pi,j+1 − pi,j)

vi,j+1 = vi,j + �(vi,j+1 − vi,j)

Table 2   Seepage parameter 
measurement result

Group Parameter Axial pressure F/KN

0.1 5 10 15 20 25 30

MK-1 φ/% 0.292 0.281 0.270 0.261 0.258 0.251 0.246
kD /μm2 1.39 1.02 0.94 0.84 0.66 0.65 0.62
k /μm2 4.19 1.27 1.42 0.72 0.49 — —
β/m−1 2.29e10 2.33e10 2.78e10 4.14e10 4.69e10 — —

MK-2 φ/% 0.540 0.410 0.327 0.321 0.306 0.300 0.287
kD /μm2 9.39 6.44 5.48 1.10 0.28 0.21 0.18
k /μm2 2.38 1.43 3.02 0.31 — — —
β /m−1 5.13e11 3.09e11 3.20e11 4.86e11 — — —

MK-3 φ/% 0.127 0.121 0.119 0.112 0.108 0.100 0.095
kD /μm2 1.96 1.68 1.34 0.13 0.10 0.08 0.04
k /μm2 9.80 1.90 2.04 0.79 — — —
β /m−1 3.80e11 2.17e11 4.62e11 2.23e10 — — —



716	 Mine Water and the Environment (2021) 40:713–721

1 3

The parameters in the SOR calculation process are the 
measured parameters, which are selected from the param-
eters of the coal and rock samples in the physical test. The 
details are shown in Table 3. The code was written in the 
FORTRAN language using the iterative format constructed 
above, and the points were iteratively calculated by the com-
piler, allowing the time series of the pore pressure and the 
percolation velocity of each node to be obtained.

Results and Discussion

Water inrush accidents are also a phenomenon of instability. 
The essence of stability lies in the permeability parameters 
(permeability k, non-Darcy β, pore pressure P, flow velocity 
v, and seepage pressure p). So, we analysed the stability of 
the equilibrium solution of the equation, the time series of 
pore pressure, and the velocity of the seepage system. Wang 
et al. (2017) gave three solutions of the system, for the three 
intervals: β > 0, βs < β < 0, and β < βs, which we combined 
with the test results.

Parameter Analysis of the Seepage System in Steady 
State.

(1) First, we studied the stability of the seepage system 
in the initial state, at this stage: β > 0. At this time, the non-
Darcian flow deviates from the factor β = β0, and bring in 
the initial parameters measured in the experiment to get the 
value 1.5 × 1011 in equilibrium. The seepage velocity, v = v0, 
and for the initial parameters measured in the experiment 
yields an equilibrium seepage velocity of 6.1 × 10−4. Next, 
the initial water pressure is offset by a small amount to give 
an initial boundary initial pore pressure of 0.2 MPa and a 
lower boundary initial water pressure, deviating from the 
equilibrium state of 0.002 MPa. The pore pressure history 
curve and the seepage velocity history curve obtained by 
iterative calculation follows the steady attractor law (Fig. 2).

Figure 2a shows the time series of the pressure p when 
the non-Darcian flow in the equilibrium state deviates from 
the factors β0 and v0. Since the initial pore pressure was 
disturbed by 0.002 MPa, the pre-seepage pressure p exhib-
its a certain amplitude fluctuation, the medium-term fluc-
tuation amplitude gradually decreases, and later stabilizes. 
Figure 2b shows the time series of the seepage velocity v. 
From the curve change trend, it can be obtained that the 
seepage velocity generally shows a downward trend until it 
finally stabilizes. Observe that even if it is subject to a small 
disturbance, the system solution for the equilibrium state 
can still be stabilized.

(2) To further study the stability of the equilibrium 
state, the non-Darcian flow deviation factor β = 1.5 × 1011 
was still used, as was the pore pressure equilibrium value, 
p1 = 0.6 MPa, p2 = 0.2 MPa. Next, given the initial percola-
tion velocity v0, there is a small offset near the steady-state 

a

b

Fig. 1   Seepage model of broken coal: a sample seepage test process; 
b boundary conditions of seepage
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flow rate of 6.1 × 10−4, the upper offset value is 6.2 × 10−4, 
and the lower offset value is 6.1 × 10−4. The pore pressure 
history curve obtained by iterative calculation is the law 
of equilibrium attractor change (Fig. 3).

Figure 3 shows the stability of the system near a given 
initial percolation velocity, v0 = 6.1 × 10−4. Figure  3a 
shows the offset p–t characteristic curve on the percolation 
velocity, and Fig. 3b shows the percolation velocity offset 
p–t characteristic curve. It can be seen from the curve that 
the offset and lower offset of the percolation velocity in 
the equilibrium state can be stabilized to a certain value. 
Relatively speaking, for the same amplitude disturbance, 
the time required for the up-offset disturbance to stabilize 
is short, while the time for the down-offset disturbance 

to stabilize is long. However, overall the system can be 
stabilized.

(3) To further study the stability of this system, we first 
chose an initial value (v = 6.145 × 10−4), and then chose a β 
value in the range of the equilibrium state (β > 0), and ana-
lysed the change of β value to the system stability influence 
of state, again assuming the equilibrium value pore pres-
sure. Next, the non-Darcy flow deviation factor β value was 
continuously increased, and set at 1.5 × 1011 and 1.45 × 1012. 
The pattern of seepage velocity and pore pressure obtained 
by iterative calculation is that of the phase trajectory change. 
Figure 4 shows the phase trajectories corresponding to dif-
ferent β values when the system is in equilibrium.

Analysis of the curve shows that at the initial stage, 
regardless of any rate of attenuation, the final phase 

Table 3   Parameter selection Parameter Value Parameter Value

Initial porosity/ φ0 0.33 Accelerating factor/ ca 9.5 × 109

Initial pressure/ p0 0.4 MPa Pore compressibility/ cφ 2.0 × 10−9 Pa−1

Boundary pressure/ p1, p2 0.6, 0.2 MPa Liquid compressibility/ cf 4.8 × 10−10 Pa−1

Poisson ratio/ μ 1.0 × 10−3 (Pa·s) Density/ ρ0 1000 (kg/m3)
Permeability/ k 0.5 × 10−13 m2 Height element/Δx 0.1
Non-Darcy factor/ β0 1.5 × 1011 (kg·m−4) Time element/Δt 1.1 × 10−3

Height/ H 5.0 m Elaxation factor/ ω 0.5

a

b

Fig. 2   Constant attractor: a p–t curve (non-dimensional); b v-t curve 
(non-dimensional)

a

b

Fig. 3   Equilibrium attractor: a upward velocity deviation (non-
dimensional); b downward velocity deviation (non-dimensional)



718	 Mine Water and the Environment (2021) 40:713–721

1 3

trajectory can converge to an area, that is, the focal point, 
and the seepage system is safe. If the value of β contin-
ues (Fig. 4a), the time for the curve to reach convergence 
is faster than in Fig. 4b, but the location (coordinates) of 
the convergence point is basically the same. Thus, by ana-
lysing the parameters, we found that the seepage system at 
this stage is stable. Therefore, no matter how the parameters 
change (including the permeability of the KCP structure, 
the permeability rate, and the porosity of the structure), the 
risk of a KCP water inrush will not quickly change, and the 
system at this stage is safe.

Parameter Analysis of a Seepage System in a Transitional 
State.

At this stage: βs < β < 0. Considering that the non-
Darcian flow deviation factor β < 0, the system has two 
equilibrium states, which can be calculated according to 
the parameters k, ca, H, p1, p2, μ, ρ0, etc. set earlier. For 
vs1 (− 3.5 × 10−4 m/s) and vs2 (− 5.5 × 10−4 m/s), the limit 
parameter βs (− 1.5 × 1011 kg/m4) can also be calculated 
using the above parameters. Therefore, given a small dis-
turbance of speed, set at v0 = − 3.5 × 10−4, and the stability 
near the equilibrium state vs1 is as shown in Fig. 5.

With a small disturbance near the equilibrium state 
velocity, vs2 (− 5.5 × 10−4 m/s), and v0 = − 5.5 × 10−4, we 

obtain the corresponding pore pressure time series by iter-
ation. The pattern of the phase trajectory reflects its stabil-
ity, and the corresponding phase line is as shown in Fig. 6.

Two equilibrium velocities vs1 and vs2 are obtained 
by calculation. Figure  6 studies the stability near the 
speed vs2. The results show that at this stage (βs < β < 0), 
the response curves showed large fluctuations. Analys-
ing Fig. 5a, the curve takes a long time to converge; for 
Fig. 6a, the curve fluctuates greatly, and there is even a 
trend of non-convergence; this gap in the convergence 
trend leads directly to Fig. 5b. The phase trajectory pat-
tern presented in Fig. 6b does not converge, which shows 
that the stability of the seepage system at this stage has 
a lot to do with the parameters, which each has a certain 
limit; if the limit is exceeded, the system will be unstable. 
We have no way to observe the evolution of KCP for sev-
eral years, but we can characterize the evolution of a KCP 
water inrush accident from the perspective of the stability 
of the seepage equation. This shows that at a mine with a 
risk of a KCP water inrush accident, a continuous increase 
in water seepage volume and a deformation of the seepage 
structure, a new channel inside can be generated, which is 
dangerous for the mine.

a

b

Fig. 4   Phase trajectories at different β values: a β0 = 1.5 × 1011 (non-
dimensional); b β0 = 1.5 × 1012 (non-dimensional)

a

b

Fig. 5   Stability near speed vs1: a p–t curve (non-dimensional); b the 
phase trajectory (non-dimensional)
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Parameter Analysis of the Seepage System 
in an Unstable State

At this stage: β < βs. Considering the non-Darcian flow 
state, the inertial force received by the fluid will directly 
affect the system seepage parameters. If the non-Darcian 
flow deviation factor β is less than the limit parameter βs 
(− 1.5 × 1011 kg/m4), there is no equilibrium. Here, the β 
value is − 1.5 × 1012, and the time series of the seepage 
velocity and the time series of pore pressure at this stage 
are studied, as shown in Fig. 7a and b. Therefore, we studied 
the dynamic characteristics of the system at the initial veloc-
ity v0 = 2.6 × 10−6 and at the small velocity v0 = 2.6 × 10−12. 
The dynamic characteristics of the instability phase are as 
shown in Fig. 7.

Figure 7a shows that the pore pressure at this stage will 
tend to infinity, while Fig. 7b shows that the seepage veloc-
ity at this stage does the same. The fundamental reason for 
this is that the system does not have a steady-state seepage 
stage due to the damage to the simulated KCP. The system 
still shows a divergent trend when the value of β is increased 
by an order of magnitude, and on this basis, the disturbance 
value continues to decrease, as shown in Fig. 7c and d. The 
phase trajectory patterns are basically the same, and the final 
ones flow to infinity, indicating that the system is unstable 

at this stage. No matter how the parameters are selected, the 
system will become unstable, and any change in the KCP 
structure will induce a water inrush accident. This feature 
also reminds us that if we observe unstable water seepage 
and an extremely unstable structure while field testing mines 
with a water inrush risk, and the calculated parameters of 
each parameter exceed the critical value, we can consider the 
KCP structure at the location to be very risky. Mining must 
stop until preventive action (e.g. grouting) is completed. 
When the structure is stable, the seepage volume will be 
small, and production can begin again. Still, it should be 
recognized that the KCP has evolved to a very dangerous 
state and that a small stress disturbance could cause a large 
amount of water to appear in the mine.

Conclusions

The evolution of a KCP water inrush accident is affected by 
various conditions. In this study, the characteristics of non-
Darcian flow were considered, and the corresponding coef-
ficients (permeability, initial porosity, grain size distribution, 
etc.) were addressed through physical tests and numerical 
calculations. Key factors affecting the stability of the system 
were establish and verified. The essential reasons leading 
to system instability were analysed from the perspective of 
parameter mutation, which will provide a theoretical basis 
for the prediction and management of later water inrush 
accidents. The conclusions are as follows:

(1) Using physical simulations of a KCP, physical test 
method, the fundamental factor for determining the seepage 
state is the porosity of the skeleton, which reflects the num-
ber and size of the pore channels inside the sample. When 
the channel increases, the flow rate decreases, and Darcy’s 
law is established. When the pore channel is closed, the flow 
rate is small, so the physical test method cannot accurately 
determine the β factor, and the global characteristics of the 
seepage system cannot be characterized.

(2) Therefore, the numerical calculation method was 
used to study this special geological structure, revealing the 
evolution process of a KCP water inrush accident from the 
changes in the permeability characteristics of the structure. 
Using the numerical calculation method, the stability of the 
solution under the system equilibrium state was verified, and 
the safety parameter range of a broken coal media system 
was characterized. When β > 0, the system has an equilib-
rium flow velocity v0 (6.1 × 10−4 m/s); when βs < β < 0, the 
system has two equilibrium flow rates vs1 (3.5 × 10−4 m/s) 
and vs2 (5.5 × 10−4 m/s), and even with small disturbances, 
these solutions are stable.

(3) Combined with the basic parameters of the physical 
test, the limit value of the non-Darcian deviation factor β 
was calculated. In the non-Darcian flow state, the inertial 

a

b

Fig. 6   Stability near speed vs2: a p–t curve (non-dimensional); b the 
phase trajectory (non-dimensional)
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force of the fluid directly affects the system seepage param-
eters. If β is less than the limit parameter βs (− 1.5 × 1011 kg/
m4), the system will be unstable. In this state, any sudden 
change of parameters will directly change the seepage flow 
pattern. The original seepage path will be further destroyed, 
new seepage channels will be produced, and the mine could 
be subject to water inrush accidents at any time.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10230-​021-​00760-8.
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