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Abstract
The evolution of water flow channels typically includes a micro-fracture precursor, especially during deep mining. 
However, this precursor has not been well characterized. To get more insight into this precursor and its development, 
the no. 22517 panel in the Dongjiahe coal mine was studied using microseismic monitoring. The energy density 
of microseismic events was used to identify the spatial location and formation process of the water flow channels. 
Microseismic focal parameters, such as seismic energy, seismic potency, apparent stress, seismic moment, apparent 
volume, energy index, and the Gutenberg-Richter b value were determined for the micro-fracture precursors of the 
water flow channels. The cumulative apparent volume increased significantly and the Gutenberg-Richter b value 
decreased rapidly, corresponding to the micro-fracture precursor of the water flow channel. Based on the results, 
a Gutenberg-Richter b value of 0.7 may be an early warning threshold for the formation of a water-flow channel. 
Finally, a real-time early warning method for water inrush disasters in floor was established based on microseismic 
monitoring, geophysics, and the water inrush coefficient.

Keywords  Micro-fracture monitoring · Precursor · Ordovician limestone water · Gutenberg-Richter b value · Water inrush 
coefficient

Introduction

Coal remains an ir replaceable energy for  the 
next  few decades in China, where the coal is mainly 
stored in Permo-Carboniferous strata. Ordovician lime-
stone, which is usually situated below the Permo-Car-
boniferous strata, is a strong regional aquifer in north 
China, where nearly 60% of China’s coal reserves are 
located. Mines in this area are highly prone to major 

f loor water inrush disasters. Floor-confined water 
threatens nearly 50% of China’s major coal mines, with 
reserves of 2.5 × 1013 kg. The probability of water inrush 
disasters increases sharply with high water pressure and 
ground pressure, which have accompanied eastern Chi-
na’s increased mining depths.

Many scholars have carried out studies attempting to 
predict water inrush disasters induced by mining, using 
theoretical calculations, mathematical models, and on-
site monitoring. As an example of a theoretical calcula-
tion, Siliesaliefu assumed the floor strata in a panel to be 
a beam under uniform load, while the mechanical prob-
lem of floor failure induced by underground mining was 
simplified as a simply supported beam under uniformly 
distributed loads (Zhang 2016). Xu et al. (2017) derived 
a semi-analytical solution to determine the minimum 
safety thickness of rock to resist water inrush disasters 
from filling-type karst caves. Li et al. (2019) deduced 
a way to calculate the critical condition of failure of 
an aquiclude under the presence of a fault using brittle 
fracture criteria and the shear failure limit equilibrium 
condition.
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An empirical formula was proposed to calculate the water 
inrush coefficient, and this formula has been widely used in 
China (Zhang 2016). Based on this formula, a coefficient-
unit inflow method of water inrush disasters was proposed 
by Qiao et al. (2009). Meng et al. (2012) improved the for-
mula to calculate the water inrush coefficient by consider-
ing the height of the zone of water rising from the confined 
aquifer and the floor failure depth. Fan et al. (2019) adopted 
the water inrush coefficient to evaluate the risk of water 
inrush disasters in separate layers. These theoretical methods 
provide insight into the mechanism of water inrush disaster 
induced by mining activity in coal mines. However, due to 
the complexity of geological conditions and in situ stress 
conditions, there was inherent inaccuracy of their predic-
tive abilities.

In recent years, many scholars have used mathematical 
models to predict water inrush disasters based on the hydro-
geological conditions. These mathematical models included 
catastrophe theory (Hua et al. 2011), variable-weight model 
and unascertained measure theory (Wu et al. 2017), fuzzy 
mathematics (Yang et al. 2017), Bayesian networks (Wu 
et al. 2016), attribute mathematical theory (Li et al. 2015), 
intelligent machine-learning algorithm (Zhao al. 2018), and 
analytic hierarchy process (Du et al. 2017; Wu et al. 2015). 
However, these models lacked physical meaning, and the 
validity of predictions of water inrush disasters using these 
models was uncertain due to the complexity of hydrological 
conditions in the field, making it very difficult to use math-
ematical models to accurately predict inrush disasters before 
mining. Thus, in-site monitoring is key for more accurate 
predictions.

The evolution of water flow channels typically begins 
with a micro-fracture precursor, especially under the high-
pressure conditions of deep mining. Microseismic (MS) 
monitoring is an important tool to monitor micro-fracture 
precursors. According to Liu et al. (2014) and Zhang et al. 
(2016), a combination of MS monitoring and numerical 
analysis of damaged zones can help reveal the formation 
process of the flow channel. Zhou et al. (2017) analyzed the 
spatial and temporal behaviors of density distribution, focal 
parameters, and cracking-type MS events and correlated 
them with the formation processes of a local flow channel. 
However, the micro-fracture precursor of water-flow chan-
nels was not clearly revealed, limiting the ability to predict 
an inrush disaster.

In general, there are two types of fractures that may con-
stitute water flow channels. The first is a crack caused by the 
failure of rock under the action of mining stress and seepage 
pressure. The second is a crack formed by the activation 
and further failure of geological structures in the rock mass 
due to the mining stress and seepage pressure. Accurate 

monitoring of the spatial distribution and evolution process 
of these two kinds of fractures is the key to determining the 
spatial location of the water flow channels and predicting 
them.

In view of these two failure modes, many scholars have 
carried out studies at the laboratory scale by AE monitoring. 
Lei et al. (2003) carried out triaxial compression experi-
ments with joints, and stated that the spatial distribution 
and formation process of cracks induced by the activation 
of primary joints were closely related to the spatial aggrega-
tion and evolution of AE events. Chen et al. (2012) carried 
out conventional triaxial compression experiments, Li et al. 
(2013) conducted direct tensile tests, and Xie et al. (2011) 
conducted Brazilian splitting tests. Their research results 
showed that the spatial distribution and formation process 
of shear and tensile cracks in rock specimens were consist-
ent with the spatial aggregation and evolution of AE events. 
This indicated that it was feasible to use MS monitoring 
technology to monitor the formation of water flow channels.

This focus of this study was the no. 22517 panel in the 
Dongjiahe coal mine. An MS monitoring system was estab-
lished to study the micro-fracture precursors and the focal 
parameters for the micro-fracture precursor were deter-
mined. A MS monitoring system was installed to monitor 
floor MS events during mining activities in the no. 22517 
panel. Next, the formation process of water-flow channels 
was identified in the panel by analyzing changes in hydro-
logical and geological conditions, water quality, and water 
inflow during the mining process, along with the MS moni-
toring results. Finally, the way these parameters varied were 
studied.

Methodology

Relationship Between MS Events and Water Flow 
Channels

To form water flow channels, the micro-fracture events 
must meet two conditions. First, the micro-fractures must 
be near each other and second, the scale of the micro-
fracture events has to be large enough to make the micro-
fractures connect. Seismic energy is an important param-
eter for measuring the scale of micro-fracture events. If 
the seismic energy of each MS event is very large, only a 
few MS events are needed to connect the micro-fractures. 
If the seismic energy of each MS event is very small, a 
large number of MS events are needed to ensure a micro-
fracture connection. Thus, we used the energy density 
of MS events to comprehensively determine the energy 
aggregation and quantity aggregation of MS events. The 
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energy density of MS events was defined as the sum of 
all MS events in unit volume. The threshold of the energy 
density of MS events is related to the panel depth, lithol-
ogy, and structural stress. Taking the no. 22517 panel in 

the Dongjiahe coal mine as an example, the threshold of 
the energy density of MS events was determined through 
the mutual verification of the various monitoring results, 
so as to provide reference for mines with similar engi-
neering geological conditions.

Potential Precursory Indicators of Water Flow 
Channels

MS sensors can be used to monitor the real-time wave-
forms of elastic wave motion caused by the micro-frac-
turing of a rock mass. Using the waveforms received by 
different sensors, the arrival times of P or S waves can 
be determined. Based on the P wave and S wave velocity, 
the position and time of the MS events can then be calcu-
lated by the three-ball intersection principle. Finally, the 
focal parameters of moment magnitude, seismic moment, 

Fig. 1   Linear relationship between the logarithm of seismic potency 
and the logarithm of seismic energy (Xiao et al. 2016)

Fig. 2   General geological situ-
ation of the no. 22517 panel in 
the Dongjiahe coal mine
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seismic energy, ratio of S-wave to P-wave energy, source 
radius, asperity radius, static stress drop, apparent stress, 
dynamic stress drop, maximum displacement, peak 
velocity parameter, and peak acceleration parameter 
are calculated using methods of quantitative seismol-
ogy based on the waves received by different sensors, 
the location of MS events, and the attenuation of wave 
propagation in the rock mass.

Lynch et al. (2004) and Mendecki et al. (2010) used seis-
mic energy, seismic potency, apparent stress, cumula-
tive apparent volume, energy index, and other param-
eters to predict large MS events. Liu et al. (2013) used 

seismic moment, Gutenberg-Richter b value, spatial cor-
relation length, and fractal characteristics to study the 
damage evolution characteristics of surrounding rocks 
during mining activities to obtain precursory informa-
tion of rock-burst disasters in the Hongtoushan Copper 
Mine. Chen et  al. (2011), Xiao et  al. (2016), and Yu 
et al. (2015) applied apparent volume, apparent stress, 
energy index, and Gutenberg-Richter b value to study 
early warning of rock-burst disasters in a deep tunnel of 
the Jinping II Hydropower Station. Cheng et al. (2019) 
used the Gutenberg-Richter b value to study the mining-
induced brittle fault activation process. Since these and 
other previous studies have shown that seismic energy, 

Fig. 3   Geological information for the no. 22517 panel. a Contour 
line of coal seam floor in the No. 22517 Panel (The roadway in the 
north side was the haulage roadway, the roadway in the south side 
was the orbital roadway and the roadway in east side was the open-
cut. X13, X17 and X19 were boreholes located within the No. 22517 
Panel. The pink numbers were longitude and latitude. The blue num-
bers were pitch distance. The red numbers were the floor thickness 

between Ordovician limestone and the No. 5 coal seam. The black 
numbers were elevation of coal seam floor. The unit of the numbers 
was meter). b Side view of the haulage roadway (The X-axis was 
the pitch distance and Y-axis was elevation. The unit of the numbers 
was meter). c Side view of the orbital roadway (The X-axis was the 
pitch distance and Y-axis was elevation. The unit of the numbers was 
meter)
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seismic potency, apparent stress, seismic moment, appar-
ent volume, energy index (EI), and Gutenberg-Richter 
b value are important parameters for MS monitoring, 
these six parameters were used in this study. The physical 
meanings of these six parameters and specific calcula-
tions follow.

1.	 Seismic potency (m3). The seismic potency repre-
sents the inelastic volume deformation at the source 
of a MS event. Seismic potency can be calculated 
by formula 1. For a planar shear source, the seis-
mic potency can be calculated by formula 2. At the 
recording site, Mendecki et al. (2010) calculated seis-
mic potency by formula 3.

	   In formula 1, P is the seismic potency, Δ� is the 
inelastic shear strain change, and V  is the source vol-
ume. In formula 2, A is the area of the failure plan 
and u is the relative slip distance on both sides of 
failure surface. In formula 3, ucorr(t) is the displace-
ment pulse of the P-wave or S-wave, which is cor-
rected for the far-field radiation pattern,vP,S is the 
velocity of the P-wave or S-wave, R is the distance 

(1)P = Δ�V

(2)P = uA

(3)PP,S = 4�vP,SR∫
ts

0

ucorr(t)dt

Fig. 4   Borehole lithology histo-
gram of X17 in floor



403Mine Water and the Environment (2021) 40:398–414	

1 3

between a sensor and the source, and ts is the source 
duration,  ucorr(0) = 0 and ucorr

(

ts
)

= 0.
2.	 Seismic moment (N·M). The seismic moment is used 

to measure the inelastic deformation at the source, 
and can be calculated as formula 4. For a planar shear 
source, the seismic moment can be calculated as for-
mula 5. Based on this, Hanks and Kanamori (1979) 
defined the moment magnitude to measure the mag-
nitude of a seismic event and established the rela-

tionship that scales seismic moment into the moment 
magnitude as formula 6.

(4)M = �P

(5)M = �uA

(6)m =
2

3
logM − 6.0

Table 1   Geological parameters in the No. 22517 Panel

No. 22517 Panel Mining coal seam Geometrical size Water-bearing 
area with 
the head of 
Ordovician 
limestone 
water + 375 m

Coal number Inclination 
angle

Length Width Average thick-
ness

5th 3° 1217 m 185 m 3.3 m
From southwest to northeast side
Floor elevation Floor thickness Water pressure (minimum, maxi-

mum)
 + 275 m  + 225 m 24 m 48 m 1.0 MPa 1.5 MPa

Floor geological 
information

Distance between the 5th Coal Seam floor and Ordovician limestone is 31.95 m The type of 
the floor in 
the 5th Coal 
Seam is the 
sandstone 
type

Key strength stratum Key water isolated stratum
Fine conglomerate (thickness 4.8 m) Aluminous mudstone (thickness 4.0 m)
at 12.05 m below the coal seam at 8.6 m below the fine conglomerate

Table 2   Overview of abnormal areas based on geological conditions

Geological structures Locations Method pf exposure Note

Fault At the open cut in Fig. 3 Roadway excavation The strike is 340°, the dip is 40° and the spac-
ing distance is 1.6 m

Fault At the pitch distance of 190 m in the haulage 
roadway in Fig. 3

Roadway excavation The strike is 275°, the dip is 30° and the spac-
ing distance is 2.9 m

Fault At the pitch distance from 200 to 350 m in 
Fig. 3

Microseismic monitor-
ing by Cheng al. 
(2019)

The strike is 357.5° in the haulage roadway and 
307.5° in the orbital roadway. The dip is 73° 
and the spacing distance is 1 m

Anticline At the pitch distance from 480 mto720m in 
Fig. 3

Roadway excavation The maximum height difference between the 
core of the anticline and its two wings is 4 m

Thin seam zone At the pitch distance from 500 to 810 m in 
the haulage roadway and 530–840 m in the 
orbital roadway in Fig. 3

Roadway excavation The thickness of the coal seam decreases from 
3.7 to 1.5 m

Table 3   Geophysical prospecting results in the No. 22517 Panel

Zone name Zone shape Zone location Geophysical prospecting method

In the orbital roadway In the haulage roadway

The 1st low resistivity zone Rectangular area 250–330 m in Fig. 5 a Direct current method
The 2nd low resistivity zone Parallelogram area 350–540 m in Fig. 3 490–600 m in Fig. 3 Direct current method
The 3rd low resistivity zone Parallelogram area 690–980 m in Fig. 3a 690–1050 m in Fig. 3 Direct current method
The anomaly zone Parallelogram area 220–280 m in Fig. 3 380–530 m in Fig. 3 Transient electromagnetic method
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where M is the seismic moment, P is the seismic 
potency, � is the shear modulus (35.2 GPa), A is the area 
of the failure plan, u is the relative slip distance on both 
sides of the failure surface, m is the moment magnitude, 
and M is the seismic moment.

3.	 Seismic energy (J). The seismic energy, which is radi-
ated as seismic waves, is the portion of the energy 
that is released during fracture and frictional sliding 
at the source. Mendecki et al. (2010) calculated the 
seismic energy of the P-wave or S-wave according to 
formula 7.

where E is the seismic energy, � is the rock density, 
u̇2
corr

(t) is the square of the displacement pulse of the 
P-wave or S-wave, ts is the source duration, vP,S is the 
velocity of the S-wave or P-wave, and R is the distance 
from the source.

(7)EP,S =
8

5
𝜋𝜌vP,SR

2∫
ts

0

u̇2
corr

(t)dt

Table 4   Coordinates of geophones in the No. 22517 Panel (Cheng et al. 2019)

Number Location North (m) East (m) Depth (m) Number Location North (m) East (Y, m) Depth (m)

1 Orbital roadway 3898695.4 37399555.3 263.1 16 Haulage roadway 3898877.2 37399550.0 246.3
2 Orbital roadway 3898695.6 37399656.9 256.0 17 Haulage roadway 3898888.0 37399641.3 240.0
3 Orbital roadway 3898695.1 37399714.2 251.0 18 Haulage roadway 3898888.0 37399683.2 232.5
4 Orbital roadway 3898694.3 37399781.5 243.5 19 Haulage roadway 3898887.2 37399751.3 225.6
5 Orbital roadway 3898694.3 37399833.7 241.2 20 Haulage roadway 3898887.6 37399811.9 230.3
6 Orbital roadway 3898695.1 37399902.2 240.1 21 Haulage roadway 3898887.8 37399865.8 230.2
7 Orbital roadway 3898695.1 37399971.0 234.1 22 Haulage roadway 3898887.6 37399927.6 232.0
8 Orbital roadway 3898695.4 37400041.0 232.7 23 Haulage roadway 3898888.0 37399985.3 233.4
9 Orbital roadway 3898695.4 37400112.2 235.9 24 Haulage roadway 3898887.3 37400061.3 233.9
10 Orbital roadway 3898695.4 37400176.2 238.4 25 Haulage roadway 3898887.3 37400136.3 231.6
11 Orbital roadway 3898695.4 37400247.1 237.5 26 Haulage roadway 3898887.6 37400203.8 230.1
12 Orbital roadway 3898695.4 37400324.4 237.6 27 Haulage roadway 3898887.6 37400290.8 230.9
13 Orbital roadway 3898695.4 37400414.0 238.1 28 Haulage roadway 3898887.6 37400376.8 233.1
14 Orbital roadway 3898695.4 37400512.0 236.8 29 Haulage roadway 3898887.3 37400448.9 231.9
15 Orbital roadway 3898695.4 37400606.9 230.4 30 Haulage roadway 3898887.5 37400537.4 227.7

Table 5   Parameters of three MS 
events-concentrated zones

MS events-con-
centrated zones

Spatial distribution 
range (pitch distance, 
m)

Extended depth 
in floor (m)

Energy den-
sity (J/m3)

Remarks

I 500–630 m 50 m Largest Controlled by a fold
II 420–480 m 20 m Large Area with high water content
III 330–410 m 30 m Small Controlled by a fault 

revealed by Cheng al. 
(2019)

Table 6   Content analysis result of the water inflow in the No. 22517 
Panel

Test item Concentration 
(unit: mg/L)

Molar-
ity (unit: 
mmol/L)

Mole per-
cent (unit: 
%)

BC K+ 4.7 0.1 0.40
Na+ 219.7 9.6 38.55
Ca2+ 251.8 12.6 50.60
Mg2+ 28.9 2.4 9.64
Na+ NH4

+ 3.46 0.2 0.80
Na+∑BC 508.56 24.9 100.00

BA Cl− 125.7 3.5 21.21
SO4

2− 282.3 5.9 35.76
HCO3

− 425.4 7 42.42
NO2

− 5.7 0.1 0.61
∑BA 839.1 16.5 100.00

pH 7.4
Salinity 1347.6 mg/L
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4.	 Apparent stress (Pa). Aki (2012) and Wyss and Brune 
(1968) calculated the apparent stress as the seismic 
energy caused by inelastic deformation per unit volume 
at the source using formula 8.

where �A is the apparent stress, E is the seismic energy, 
and P is the seismic potency.

5.	 Energy index. The average energy corresponding to seis-
mic potency can be calculated by formula 9 from the 
seismic potency and the seismic energy, calculated as 
shown in Fig. 1. The energy index was defined by Van 
and Butler (1993) as the ratio of the seismic energy to 
the average energy, and was calculated by formula 10.

(8)�A =
E

P

(9)logE(P) = dlogP + c

where E(P) is the average energy corresponding to seis-
mic potency, P is the seismic potency, E is the seismic 
energy, EI is the energy index, and c and d are constants.

6.	 Apparent volume (m3). The apparent volume was calcu-
lated by Mendecki et al. (1993) as formula 11.

where VA is the apparent volume, � is the shear modulus 
(35.2 GPa), E is the seismic energy, P is the seismic 
potency, and M is the seismic moment.

7.	 Gutenberg-Richter b value. The seismic size distribution 
typically follows a power law by Gutenberg and Richter 
(1944), which can be determined by formula 12. The 
Gutenberg-Richter b value is the slope of this power law, 
and is commonly used to describe the relative proportion 

(10)EI =
E

E(P)
=

E

10dlogP+c
= 10−c

E

Pd

(11)VA =
�P2

E
=

MP

E

Fig. 5   Data transmission net-
work of MS monitoring system 
in the no. 22517 panel (Cheng 
et al. 2017)
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of small magnitude events vs. large magnitude events. 
A large Gutenberg-Richter b value indicates a large pro-
portion of small seismic events. The Gutenberg-Richter 
b value can be calculated by fitting the seismic size dis-
tribution according to formula 12.

where m is the magnitude of MS events, N is the number 
of MS events, whose magnitude is not less than m , b is the 
slope of the power law, and a is a constant representing the 
seismic activity.

Micro‑fracture Precursors of Water‑Flow 
Channels in a Coal Mining Case

The no. 22517 panel in the Dongjiahe coal mine was 
studied using a MS monitoring system to monitor the 
evolution characteristics of f loor MS events during 

(12)logN = a − bm

mining. The Dongjiahe coal mine is located in Shaanxi 
Province in China (Fig. 2a). The no. 22517 panel is the 
panel that was being mined during MS monitoring; the 
lithology of the overlying and floor strata of the panel is 
shown in Fig. 2b. The formation process of water-flow 
channels was determined by analysis of hydrological 
and geological conditions, the change characteristics of 
water inflow, the water quality of the water inflow, and 
MS monitoring results. The change characteristics of the 
six MS parameters were studied during channel forma-
tion for the micro-fracture precursors of the water flow 
channels.

Hydrological and Engineering Geological Conditions

Coal mines are mainly threatened by Ordovician lime-
stone water in the Hancheng, Chenghe, Pubai, and Fugu 
mining areas in Shaanxi Province. The no. 22517 panel in 
the Dongjiahe coal mine in the Chenghe mining area was 
selected to study the micro-fracture precursor of water-flow 

Fig. 6   Change characteristics of 
the energy density of MS events 
at different elevation in the MS 
events-concentrated zone I. 
(Note: The No. 1 Section is at 
the elevation of +240 m. The 
No. 2 Section is at the elevation 
of +230 m. The No. 3 Section is 
at the elevation of +220 m. The 
No. 4 Section is at the elevation 
of +210 m. The No. 5 Section is 
at the elevation of +200 m)
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channels induced by mining. The detailed information and 
the rock mass strata at this site were described previously 
(Cheng et al. 2017) and the geological parameters are listed 
in Table 1.

This study focused on the hydrological and engineering 
geological conditions at this site (Fig. 3). The blue num-
ber in Fig. 3a indicates the pitch distance, which is defined 
as the distance from a location in the no. 22517 panel to 
the north–south roadway at the western side of that panel. 
As shown in Fig. 3, the pitch distance was defined as the 
horizontal distance from a point in the working face to the 
north–south roadway at the western side of the working face 
and was used to describe both the advancing position of 
mining activities and the spatial location of geological struc-
tures. The open cut is located at the eastern side of the no. 
22517 panel at a pitch distance of 1217 m, and the mining 
stop line is located at the western side of that panel, with a 
pitch distance of 100 m. The north side is the haulage road-
way and the south side is the orbital roadway. As shown in 
Fig. 3, two faults, an anticline, and a thin seam zone were 
exposed during the excavation of the haulage roadway and 
the orbital roadway and a fault was exposed by microseismic 
monitoring during mining of the no. 22517 panel (Cheng al. 
2019). The location and parameters of the faults, anticline, 
and thin seam zone are shown in the Table 2. As shown in 
Fig. 4, the distance between the floor of the no. 5 coal and 
the top of the Ordovician limestone was about 31.95 m. A 
layer of fine conglomerate (4.8 m thick) 12.05 m below the 
coal seam (Fig. 4) was the stratum with the greatest strength 
and thickness between the floor of the no. 5 coal and the top 
of the Ordovician limestone, and so acted as a key strength 

Fig. 7   Formation of the MS events-concentrated zone I

Fig. 8   Change characteristics of water inflow in the no. 22517 panel 
during the mining process
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Fig. 9   Change of focal parameters during formation of water flow 
channels. a Evolution characteristics of seismic energy with time dur-
ing mining process (Y-axis is seismic energy and the unit is J. X-axis 
is the date). b Evolution characteristics of seismic potency with time 
during mining process (Y-axis is seismic potency and the unit is m3. 
X-axis is the date). c Evolution characteristics of apparent stress with 
time during mining process (Y-axis is apparent stress and the unit is 
Pa. X-axis is the date). d Evolution characteristics of apparent volume 
with time during mining process (Y-axis is apparent volume and the 

unit is m3. X-axis is the date). e Fitting formula between the loga-
rithm of seismic potency and the logarithm of seismic energy can be 
fitted (Y-axis is the logarithm of seismic energy. X-axis is the loga-
rithm of seismic potency). f Evolution characteristics of cumulative   
EI (red line) and cumulative apparent volume (black line) with time 
during mining process (Y-axis in the left is cumulative  EI. Y-axis in 
the right is cumulative apparent volume. X-axis is the logarithm of 
seismic potency)
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stratum. A layer of aluminous mudstone (4 m thick), 8.6 m 
below the fine conglomerate (Fig. 4) had strong water resist-
ance performance and acted as a key water-isolating stratum. 
Meng et al. (2012) divided the coal seam floor lithology 
into mudstone, mudstone-sandstone, and sandstone based 
on the mudstone content. As shown in Fig. 4, the mudstone 
content of the study region is 12.52%. The floor in the no. 
22517 panel was the sandstone type, and the floor has high 
strength and permeability.

Because the no. 5 coal was close to the Ordovician lime-
stone, grouting reinforcement was conducted in the panel’s 
floor strata. The grouting boreholes were positioned at 
depths from 20.7 to 29.2 m, with an average depth of 25.6 m. 
After the grouting reinforcement, the transient electromag-
netic (TEM) and direct current (DC) measurement methods 
were used to detect water-rich areas in the no. 22517 panel. 
Three low resistivity zones and four high resistivity zones 
were revealed by the DC method and an anomaly zone was 
revealed by the TEM method. The location and shape of the 
three low resistivity zones and the anomaly zone are shown 
in Table 3.

MS Monitoring System

The MS monitoring system in this location was previously 
described by Cheng et al. (2017). Geophones with a sen-
sitivity of 43.3 V/m/s, and a response frequency from 15 
to 1000 Hz were arranged at the non-mining wall of the 
roadway and in the no. 22517 panel. Fifteen geophones were 
positioned in the haulage roadway and 15 geophones were 
positioned in the orbital roadway; the location coordinates 
are listed in Table 4. To firmly attach the geophones to the 
rock wall, a borehole length of ≈ 4 m was used to install the 
geophones perpendicular to the roadway direction, angled 
downward at 45°.

The geophones were positioned ≈ 80 m apart on each 
roadway. The data transmission network of the MS monitor-
ing system is shown in Fig. 5. A Geiger localization algo-
rithm (Khadhraoui et al. 2010) method was used to locate 
the MS events. Use of this algorithm requires detection of 
the waveform of each MS event by at least four geophones. 
A homogeneous velocity model was also used to locate MS 
events. To determine the P- and S-wave velocities, some 
blasting events with known coordinates were analyzed. The 
calibration results indicated that the P-wave velocity was 
2800 m/s and the S-wave velocity was 1800 m/s. Cheng et al. 
(2017) calculated the localization error of the MS monitor-
ing system as within 10 m the range of 100 m below the 
panel’s coal seam floor.

Formation of Water Flow Channels

The monitoring results showed that most of the floor MS 
events were concentrated above the key strength stratum in 
the no. 22517 panel (12 m below the no. 5 coal), except 
for three MS events-concentrated zones (zones I, II, and 
III), which had the potential to form water-flow channels. 
The parameters and location of these three MS events-
concentrated zones are introduced in Table 5. As shown in 
Table 5, the MS events-concentrated zone I had the largest 
the extended depth (about 50 m) and energy density. Thus, 
this zone was most likely to form a water flow channel.

Fig. 10   Evolution of Gutenberg-Richter b value with time
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Fig. 11   Distribution of floor water inrush coefficient in the no. 22517 
panel
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Formation of a water flow channel requires that the local 
failure area in the floor penetrates the rock mass between 
the Ordovician limestone roof and the coal seam floor, 
significantly increasing the water inflow in the panel dur-
ing formation of the local failure area. Based on geologi-
cal conditions in the no. 22517 panel, the elevation varied 
from + 230 m to + 240 m and the elevation in the Ordovician 
limestone roof varied from + 200 m to + 210 m in the MS 
events-concentrated zone I. Thus, the change characteristics 
in energy density of the MS events at different elevation 
was analyzed from the elevation of + 240 m to the elevation 
of + 210 and the result was shown in Fig. 6 when the thresh-
old of the energy density of MS events was 0.05 J/m3. There 
are four sections in Fig. 6 (the no. 1 section at the elevation 
of + 240 m, the no. 2 section at the elevation of + 230 m, the 
no. 3 section at an elevation of + 220 m, and the no. 4 sec-
tion at an elevation of + 210 m. Of these, the no. 3 section 
(at + 220 m) was located at the bottom of the key strength 
stratum. As shown in Fig. 6, the MS events-concentrated 
zone I gradually decreased at greater depths. The MS events 
in the MS events-concentrated zone I passed through the key 
strength stratum and extended to below + 200 m in elevation. 

Thus, the MS events-concentrated zone I penetrated the rock 
mass between the Ordovician limestone roof and the coal 
seam floor.

On this basis, the relationship between the formation pro-
cess of the MS events-concentrated zone I (Fig. 7) and the 
change characteristics of water inflow in the no. 22517 panel 
during the mining process (Fig. 8) was analyzed. As shown 
in Fig. 7, the number (energy) of the MS events in the MS 
events-concentrated zone I started to increase on June 11, 
2015 (the MS events-concentrated zone I was 85 m from 
the mining at the time), which meant that the MS events-
concentrated zone I began to form. The number (energy) 
of MS events in the floor peaked on July 10, 2015 (the MS 
events-concentrated zone I was 45 m from mining activities 
at that time), which meant that the MS events-concentrated 
zone I had formed. The number (energy) of MS events in 
the floor descended to a stable value on July 23, 2015 (the 
MS events-concentrated zone I was 37 m from mining at 
that time), which meant that the MS events-concentrated 
zone I remained unchanged. As shown in Fig. 8, the working 
face inflow remained unchanged at 60 m3/h before July 10, 
2015. There was a significant increase in water inflow in the 

Fig. 12   A real-time early warn-
ing method for water inrush 
disasters in floor
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no. 22517 panel from June 11, 2015 to July 10, 2015 and it 
peaked at 82 m3/h on July 10, 2015. After July 10, 2015, the 
working face inflow began to decrease until July 23, 2015. 
The working face inflow was stable at 70 m3/h after July 23, 
2015. Previous results showed that the formation of the MS 
events-concentrated zone I corresponded with increasing 
water inflow in the no. 22517 panel.

The source of the water inflow in the no. 22517 panel 
is required to further verify the formation of a water chan-
nel in this area, so the water flowing into the no. 22517 
panel was analyzed (Table  6). There were four hydro-
chemical types of Ordovician limestone water in the 
Weibei Mining Area (Tao 1999). The first type was 
HCO3 − Ca , the second type wasSO4 ∙ HCO3 − Na ∙ Ca , 
the third type was SO4 ∙ HCO3 − Na ∙ Ca ∙Mg and the 
forth type wasSO4 ∙ HCO3 ∙ Cl − Na ∙ Ca ∙Mg . The salin-
ity of the Ordovician limestone water in the Weibei min-
ing area was about 1  g/L. Because the Dongjiahe coal 
mine was located in the Weibei mining area, it could be 
inferred that the hydro-chemical type of the water inflow 
was SO4 ∙ HCO3 ∙ Cl − Na ∙ Ca ∙Mg and most of the water 
inflow came from the Ordovician limestone water in the no. 
22517 panel.

As previously discussed, zone I penetrated the rock mass 
between the Ordovician limestone roof and the coal seam 
floor, which meant that zone I had the necessary conditions 
to form a water flow channel. Indeed, since the formation of 
zone I corresponded with the increase in water inflow and 
most of the water came from the Ordovician limestone, it is 
clear that Ordovician limestone water entered the no. 22517 
panel through a water flow channel formed in zone I and the 
threshold of the energy density of MS events in the in the 
no. 22517 panel was 0.05 J/m3. The same method was used 
to analyze the MS events-concentrated zone III and revealed 
that a small water flow channel also formed there.

Micro‑fracture Precursors of Water Flow Channels

The focal parameters were calculated to characterize their 
evolution over time as the no. 22517 panel was mined 
(Fig.  9). The cumulative apparent volume increased 
significantly as the large and small water flow channels 
formed. With a month as the time window, the power law 
was used to fit the moment magnitude distribution of floor 
MS events, and the Gutenberg-Richter b value of each 
month was calculated (Fig. 10a) and the change of Guten-
berg-Richter b value with time was obtained (as shown in 
Fig. 10b). From Fig. 10b, it can be seen that the Gutenberg-
Richter b value generally showed a downward trend before 
the formation of the big water-flow channel, dropped to 
0.7 at the start of channel formation, dropped to the lowest 
value of 0.5 during channel formation, and then increased. 
The calculations indicate that the cumulative apparent 

volume increased significantly and the rapid decrease 
of the Gutenberg-Richter b value can be regarded as the 
micro-fracture precursor of the formation of a water-flow 
channel, with a value of 0.7 as an early warning threshold 
for channel formation.

Discussion

Feasibility Analysis on Early Warning for Floor Water 
Inrush Disasters

Meng et  al. (2012) improved the empirical formula 
(Zhang 2016) to calculate the water inrush coefficient 
by considering the height of the zone of water rising 
from the confined aquifer and the floor failure depth, 
presented as formula 13. In China’s Regulations on 
Water Prevention and Control in Coal Mines, the thresh-
old of water inrush coefficient is set as 0.06  MPa/m 
in regions with geological structures (such as areas of 
abnormal water richness, fault areas, and fold areas) and 
0.1 MPa/m in other regions.

where T is the coefficient of water inrush, with units of 
MPa/m, P is the water pressure caused by the confined aqui-
fer in floor, M is the thickness of the floor aquifer, with units 
of m, Cp is the floor failure depth, with units of m, and Z0 
is the height of the zone of water rising from the confined 
aquifer.

Calculation of the water inrush coefficient in the no. 
22517 panel required determination of the depth of the 
floor failure and the height of the zone of water rising 
from the confined aquifer. Gu et al. (2011) used elastic 
wave velocity monitoring in a borehole to monitor floor 
failure depth at this location and reported a floor failure 
depth of 12 m. Because aluminous mudstone has good 
water-resisting property, the height of the zone of water 
rising from the confined aquifer is 0 m. The water inrush 
coefficient at different locations of the no. 22517 panel 
was calculated using formula 2, allowing construction of 
a contour map of the water inrush coefficient, presented 
in Fig. 11. As shown in Fig. 11, the water inrush coef-
ficient was large (0.95 MPa/m) at the northwest end and 
small (0.04 MPa/m) at the southeast end. In the inverted 
trapezoidal area from the pitch distance of 0 m to that 
of 900 m at the haulage roadway and the pitch distance 
of 0 m to that of 600 m at the orbital roadway of the no. 
22517 panel, the water inrush coefficient in floor was 
greater than 0.06 MPa/m.

(13)TS =
P

M − CP − Z0
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The region from 190 m to that of 720 m (the pitch 
distance) in the no. 22517 panel includes many geologi-
cal structures (as shown in Table 2) and four water-rich 
abnormal areas (Table 3). According to Tables 5 and 
3, the location of the MS events-concentrated zone I, 
where a big water-flow channel formed, corresponded 
with the location of the 2nd low resistivity zone. The 
location of the MS events-concentrated zone III, where a 
small water-flow channel formed, corresponded with the 
location of the 1st low resistivity zone and the anomaly 
zone. It could be seen that water flow channels are often 
generated in areas where water-rich geophysically abnor-
mal areas and abnormal areas determined by the water 
inrush coefficient overlap, but not all overlapping areas 
form water flow channels. However, our work has shown 
that the formation of water flow channels can be quanti-
tatively analyzed by using MS monitoring to determine 
the micro-fracture precursors of water-flow channels.

A Real‑Time Early Warning Method

Based on the above results, a real-time early warning 
method for water inrush disasters in the floor was estab-
lished (Fig. 12). This method has three steps. In the first 
step, the overall risk assessment of water inrush disasters 
in the floor from a panel is evaluated. If the risk of water 
inrush is high, the panel should not be mined until it 
meets safe mining standards by grouting reinforcement 
of the floor strata. If the risk of water inrush disasters is 
low and the overall stability of the panel is good, local 
dangerous areas in the floor are identified (the second 
step). In the third step, MS monitoring is installed in the 
panel and the localized, potentially dangerous areas are 
monitored in real time for early detection of water inrush 
disasters.

In the first step, hydrologic and engineering geological 
information is acquired by geological survey and geophysi-
cal prospecting. Geological information (coal seam thick-
ness, floor lithology distribution, and thickness, water-proof 
layer distribution and spatial thickness, key stratum spatial 
location and thickness, Ordovician limestone aquifer spa-
tial location, and water pressure distribution) is acquired 
using geological exposures, such as boreholes, roadway 
excavation, and mining activities. Geophysical prospecting 
is performed using seismic wave, ground penetrating radar, 
audio-frequency electrical penetration, transient electromag-
netics, and high-density resistivity methods. Geophysical 
prospecting provides the spatial location of failure zones, 
faults, folds, and collapse columns, as well as the water con-
tent of these features. Next, the floor failure depth should be 
determined and the overall risk assessment of water inrush 
disasters through the floor from the work surface can be 
evaluated by assessing the potential correlation between the 

spatial location of the key stratum and the floor failure zone. 
If the floor failure zone in a panel passes through the key 
stratum in floor, then grouting of this stratum is needed to 
reduce the failure depth. However, the floor in the no. 22517 
panel was found to be stable.

In the second step, the water inrush coefficient is cal-
culated by formula 2 based on the height of the zone of 
water rising from the confined aquifer and the floor failure 
depth. The coefficient data is then presented as a contour 
map of the area of interest. Using the water inrush coefficient 
thresholds stipulated by the Regulations on Water Prevention 
and Control in Coal Mines for normal regions and regions 
with geological structures, potentially dangerous areas can 
be identified.

In the third step, a MS monitoring system is established to 
monitor in real time the evolution characteristics of floor MS 
events in areas with a risk of a water inrush disaster. These 
collected data allow calculation of the cumulative apparent 
volumes and the Gutenberg-Richter b values. In this way, 
monitoring is performed in real time for the early detection 
of water inrush disasters induced by mining activity in coal 
mines.

Conclusion

1.	 Using MS monitoring technology to monitor the forma-
tion process of water flowing channels was shown to be 
feasible. The energy density of MS events were used 
to comprehensively determine the energy aggregation 
and quantity aggregation of MS events to identify the 
spatial location and formation of water flow channels. 
This information, along with the MS focal parameters 
of seismic energy, seismic potency, apparent stress, seis-
mic moment, apparent volume, energy index (EI) and 
Gutenberg-Richter b value were used in this study to 
detect micro-fracture precursors of water-flow channels 
induced by mining activity.

2.	 In the no. 22517 panel in the Dongjiahe coal mine, the 
formation of water-flow channels was described by 
analysis of the hydrological and geological conditions, 
changes in water inflow during the mining process, the 
water quality of the water inflow, and MS monitoring 
results. The detected MS data was temporally and spa-
tially consistent with formation of a water channel, and 
was used to identify the spatial location and formation 
of the water flow channels in the no. 22517 panel, where 
the threshold of the energy density of MS events was 
0.05 J/m3, which can provide reference for mines with 
similar engineering geological conditions. The change 
characteristics of MS focal parameters were studied 
during channel formation, and the significant increase 
in cumulative apparent volume and rapid decrease of 
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the Gutenberg-Richter b value correspond to the micro-
fracture precursor of channel formation. The data sug-
gest that a Gutenberg-Richter b value of 0.7 should be 
an early warning threshold for channel formation.

3.	 The feasibility for a real-time early warning for water 
inrush disasters through the coal seam floor was studied 
based on previous research results and after determin-
ing it was feasible to establish a real-time early warning 
method using MS monitoring, geophysical prospecting, 
and water inrush coefficients, a real-time early warn-
ing method for water inrush disasters through floor was 
established using these methods.
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