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Abstract
Mine water inrush from coal seam roof is one of the serious disasters that threaten safe production of coal mines. Identification of
water inrush source and water inrush pathway is a key task for preventing and controlling such mine water hazards. A water
inrush accident at approximately 1316 m3/h occurred at no. 3301 working face of Xinhe Coal Mine in Shandong Province,
China. Multiple lines of evidence including characteristics of mine water inflow rate, dynamic monitoring data of water levels in
different aquifers, geochemical fingerprinting, and drill hole core examination suggest that the water inrush source originated
from the overlying Lower Quaternary porous aquifer with calcite cementation. Structural analysis and numerical simulation with
FLAC3D indicate that a low-angle fault, DF49, and mining-induced fractures provided the pathway for the water inrush. Mining
activities made the fault hydraulically conductive and connected to the Quaternary aquifer. The numerical simulation demon-
strated that the water-conducting fracture zone in the coal seam roof extended to the fault. Groundwater gushed into the mining
area from the Quaternary aquifer via the combined pathway of the activated fault and mining-induced fractures. Presence of the
fault in the overlying formations played a critical role in occurrence of the water inrush. Results from this case study can be of
reference to all coal mines with faults or other geological discontinuities present in the overlying formation. These discontinuities
may significantly extend the height of the mining-induced water-conducting fracture zone in the roof and thus increase water
inrush risks.
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Introduction

China’s coal production is ranked first in the world, but it is also
one of the countries with the worst safety records (Guo 2016).
As one of the safety concerns, mine water inrush affects the
safety of mine production and people’s property seriously (Wei
et al. 2015; Sun et al. 2016; Wei et al. 2017; Yang et al. 2017;
Wu et al. 2017a; Yin et al. 2018a). The water inrush may occur
from coal seam floor or roof. Due to various geological and
hydrogeological conditions and complex tectonics structures of
the coalfields in China, causes and mechanisms of mine water
inrush vary significantly (Zhang 2005; Sun et al. 2015; Qi et al.
2017; Zhang et al. 2018b). Especially with the large-scale exploi-
tation of coal resources in recent years, the water hazards preven-
tion and control has been highly demanded (Yin et al. 2018b; Xu
et al. 2018). Among the many tasks and challenges, the preven-
tion and control of water hazards is a major scientific research
topic during China’s coal mine safe production and scientific
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exploration (Miao et al. 2010; Jin et al. 2013; LaMoreaux et al.
2014; Wu et al. 2017a; Zhou et al. 2017).

China’s coal mining has been intensive in recent years. More
and more coal mines are forced to tap deeper resources or
shallower resources in remote areas (Zhang et al. 2018a; Xu
et al. 2018). However, the difficulty of prevention and control
of mine water hazards increases because the geological and
hydrogeological conditions are more complex in deeper areas
(Wu et al. 2013; Zhao et al. 2012). Mine water accidents have
occurred during exploitation of shallow coal resources when the
undergroundworkings are connectedwith the overlying aquifers.

In response to this challenge, a series of research have been
conducted including theoretical analysis, numerical simulation,
and fieldmeasurement (Tan et al. 2012; Li et al. 2013; Jiang et al.
2016; Wu et al. 2008; Bukowski 2011; Rapantova et al. 2012;
Surinaidu et al. 2013; Krzysztof et al. 2016; Yin et al. 2016; Guo
et al. 2017). Recently, mining using remote sensing and GIS
leads to solving problems related to water sources based on
element characteristics (Cetin 2016; Kaya et al. 2018; Cetin
et al. 2018). Zhang et al. (2005) applied theGIS-based composite
analysis method to forecast roof water damage, which provides a
new method for roof water hazard prediction. Huang and Chen
(2011) established the Fisher identification andmixingmodels of
mine water inrush sources based on multivariate statistical anal-
ysis, and verified them separately. Based on Fisher discriminant
analysis theory (FDA) and gray correlation analysis theory
(GCA), and groundwater chemical data at main water inrush
aquifers, Huang et al. (2017a, b) established and then verified
the FDA-GCA recognition model of water inrush source. Xu
et al. (2012) used field monitoring and numerical simulation to
study the mining failure and the formation and evolution process
of the water inrush pathway in coal seam with highly confined
water. Li et al. (2009) applied the simulation analysis to study the
formation process of the water inrush pathway in coal seam floor
with faults. Zhang et al. (2017a) applied fluid-solid coupling
mechanics and solid materials research to simulate the entire
process of crack formation, concealed fault propagation, and
evolution of a water inrush channel with high-pressure water
directly beneath the mine floor. By using numerical simulation
(RFPA2D) methods, Bu (2009) established the rock seepage-
damage coupling model, simulated the characteristics of floor
fault activation and seepage distribution with normal fault and
reverse faults, and analyzed the influence of fault inclination,
fault drop, and water pressure on the risk of water inrush from
the floor. Xu et al. (2015) established a simplified model of
reverse faults, which revealed the basic action of the fault param-
eters during mining with FLAC3D software.

Extensive studies have been conducted on the confined aqui-
fers underlying the coal seam floor such as the Ordovician
limestone aquifer and activation of normal faults with high
dip angles such as the movement of hanging wall of normal
faults. Furthermore, much research has been conducted into
how coal mine water hazards result from coal seam roof

because of mining-induced water conducting fracture zone in
the coal seam roof. However, the movement and activation of
low dip angle normal faults in the coal seam roof in response to
mining have not been studied. These distinctive conditions de-
serve special considerations. When these discontinuities are
present and become conductive during mining, they may be-
come the conduit that connects the mining-induced water
conducting zone to the overlying Quaternary porous aquifer,
which significantly increases water inrush risks.

Although the previous researches have raised awareness of
underground water inrush, it is still impossible to accurately
predict the position and time of accidents owing to the com-
plexity of hydrogeological conditions. Therefore, mine water
inrush mechanism is still the key issue that needs to be studied
and improved (Sui et al. 2011; Qi et al. 2017). A mine water
inrush accident of approximately 1316 m3/h occurred during
mining at the no. 3301 working face in Xinhe Coal Mine
(CM). The source of water inrush and the water inrush path-
way, the process of fault activation in low-angle fault footwall
mining, and the roof water seepage transformationmechanism
were studied in this article. The objective of this research was
to analyze the causes of water inrush, and to study the forma-
tion process of water inrush source and water inrush pathway.
FLAC3D modeling was used to study the activation of the
footwall in the low-angle normal fault and the transformation
of the roof water seepage, which reveals the mechanism of
mine water hazard from the coal seam roof.

Characteristics of the study area

Background of Xinhe CM

Xinhe CM is located at approximately 7.5 km east of Jiaxiang
County, west of Jining City, Shandong province. On average, its
north–south length is 5.5 km and its east–west width is 3.0 km.
The site lies between 116° 26′ 35″E and 116° 28′ 53″E longitude
and 35° 22′ 16″ N and 35° 25′ 40″ N latitude and covers an area
of approximately 10 km2 (Fig. 1). Its mining depth is from − 180
to− 1300m. Themining activities have focused on coal bed no. 3
(CB3), which belongs to the Permian Shanxi Formation (F).

Geologic and hydrogeological setting

Xinhe CM is in a typical North China coalfield of Permo-
Carboniferous age. The mined coal beds belong to the
Taiyuan and Shanxi Fs, which overlie the middle Ordovician
limestone. The coal-bearing deposits are attributed to the
Benxi F, Taiyuan F, Shanxi F, and Shihezi F, which are over-
laid by the Quaternary deposits, as shown in Fig. 2.

Xinhe CM is in the southwest boundary of Tangkou district
in Jining coalfield, where faults were more developed in the
minefield. A total of 144 faults were reported from geo-
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exploration and interpretation of 3D seismic survey. Thirty-two
faults were actually exposed in themining process. According to
the strike of the faults, they can be divided into three groups:
near North–South, North–East, and North–West. Many faults
have impacted the production and safety in Xinhe CM.

As shown in Fig. 2, the main aquifers from top to bottom
are Quaternary sand and gravel aquifer, sandstone aquifers at
the roof and floor of CB3, the 3rd limestone karst fissure
aquifer, the 10th limestone karst fissure aquifer, and limestone
karst fissure aquifer in the Ordovician formation. The sand-
stone aquifer at the CB3 roof is the impactive aquifer during
the CB3 mining with the normal inflow rate at approximately
70 m3/h. However, the maximum water inrush quantity at
3301 working face is up to 1316 m3/h and forced to stop
mining in Xinhe CM (Figs. 3 and 4).

Based on the borehole data, the Quaternary formation is
240.3 m thick with 15.9 m conglomerate at the bottom. The
core samples show cavities ranging from 10 to 40 mm in size
and fracture length in 10 to 40 mm, as shown in Fig. 5.

The lower part of the Quaternary deposits is comprised of
gray white calcium clay, calcareous clay and calcareous
cemented layer, gray green clay, and clayey sand and gravel.
The upper part consists of hard calcareous sand with weak
consolidation. In boreholes on the southern and western edges
of the site, the calcium content is high. The calcareous layer at
the bottom was partially consolidated into calcareous tubercu-
losis or conglomerate due to the calcite cementation. During
the deposition process, cobbles and cemented minerals were
solidified and transformed into a cemented layer accompanied

by dissolution, cementation, adhesion, and consolidation.
These layers are located outside the paleochannel.

Karst features such as solution cavities were observed in the
calcareous layer of the lower group in the Quaternary formation.
The karst cavities result from long-term dissolution of the calcite
cementation. The layer is characterized with yellow rust color,
and themaximum thickness is 17.55m. The diameter of the karst
cavities exposed in exploration borehole no. JC3 ranges from 10
to 40mm (Fig. 5). Calcite crystals of different sizes are present in
the karst cavities. The karstification rate is estimated to be more
than 30%. The cavernous porosity of the breccia layer is 15 to
20%. Approximately 36% of the exploration boreholes lost cir-
culation in the bottom calcareous layer. All boreholes lost circu-
lation in the bottom gravel layer, and the leakage is more than
15 m3/h. Analysis of pumping test results in specific water yield
of 4.427 L/s/m and permeability coefficient of 36.87 m/day. The
permeability coefficient and porosity increase because of the
karstification, which increase the groundwater storage and flow
rate in the aquifer (Huang et al. 2017a, b; Chen et al. 2018).

Introduction to the 3301 working face
and water inrush characteristics

Brief introduction to the 3301 working face

The 3301 working face is located at the middle of the Xinhe
CM. The elevation of the CB3 floor ranges from − 243 to −
367 m, and with the average depth of 331 m. The average coal

a b

Fig. 1 Location map of the study area
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seam angle of the working face is approximately 20°, and the
average coal seam thickness is 6.9 m. The mining method is
fully mechanized thick limit caving and short wall retreat. The
geological structure of the working face is relatively simple
where four faults were revealed with displacements ranging
from 3 to 25 m. The faults are normal faults. The 3301 work-
ing face is the first mining face of the no. 330 mining area
located in the DF49 fault footwall, as shown in Fig. 3.

Description of the water inrush process

At 6:30 on October 14, 2011, there occurred the water inrush
from CB3 roof after the first main roof pressure and crush the
whole bracket for 3 h at the 3301 working face. The mine
water flow rate increased rapidly from the initial 18 m3/h to

the maximum of 115 m3/h at 10 o’clock, and then gradually
decreased. Water quality test results show that the water is
from the sandstone aquifer at the CB3 roof. By October 25,
the water flow rate declined to 40 m3/h.

The working face continued mining on December 23,
2011, and the roof pressure was basically stable. At 13:30
on December 27, 2011, the mine water discharged from the
CB3 roof after the track along the chute out. The total dis-
charge rate was 45.7 m3/h and remained stable from 16:00
December 27 to 18:00 December 28. The water discharge
increased to 53 m3/h when the working face advanced 23 m
on January 2, 2012. The amount of mine water varied from 60
to 121 m3/h from January 3 to 6. The water quality test result
verified that the water was still from the sandstone aquifer at
the CB3 roof. At 17:00 January 7, the fore-field coal wall

Fig. 2 Hydrogeological
histogram
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suddenly collapsed 3 m from the belt crossheading along the
roof and then the amount of minewater increased rapidly from
to 1254 m3/h by 22:00 the same day. The maximum flow rate
was 1316 m3/h at 12:00 pm January 8. After that, the water
inflow rate dropped rapidly. The flow rate varied from 170 to
200 m3/h on January 17. On January 24, the water flow rate
decreased to 150 m3/h.

Analysis of water inrush mechanism

The most critical factors in water inrush analysis are to iden-
tify the mine water inrush source and pathway in order to
understand the groundwater inrush and save the mine for a
long-term safe operation (Wu et al. 2017b; Xu et al. 2018).

Water inrush source

Five aquifers are recognized in the minefield, and they are
shown in Fig. 6 and described below:

1. Quaternary sand and gravel aquifer: This aquifer consists
of three groups. The upper group: total dissolved solid
(TDS) is about 500 mg/L, and the water quality type is
HCO3

−·SO4
2−·Ca2+·Na+. Themiddle group: the sand pore

aquifer of this group has no hydraulic connection with the
water aquifer of the lower group. The lower group: TDS is
676~700 mg/L, and water quality type is dominated by
HCO3

−·SO4
2−·Ca2+·Mg2+·Na+.

2. Sandstone aquifers at the roof and floor of CB3: TDS is
400~741 mg/L, belonging to HCO3

−-Na+-type water.

Fig. 3 3301 working face water
inrush point schematic

Fig. 4 3301 working face water volume and the aquifer water level curve
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3. Third limestone karst fissure aquifer: TDS is 667 mg/L,
belonging to HCO3

−-Na+-type water.
4. Tenth limestone karst fissure aquifer: TDS is 3347 mg/L,

and the water quality type is Cl−·SO4
2−-Ca2+·Na+·Mg2+.

Fig. 5 Distribution of caves and
fissures of aquifers in the
Quaternary

Fig. 6 Water chemistry Piper diagram
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5. Limestone karst fissure aquifer in the Ordovician forma-
tion: TDS ranges from 1052 to 5366 mg/L, and the water
quality type is SO4

2−·Cl−·Ca2+·Na+·Mg2+.

After the water inrush, it was observed that there was no
significant change in the water level of the surface subsidence
area near the 3301 working face. The possibility of surface water
rechargewas excluded. Thewater level of seven farmwater wells
in the vicinity of the 3301 working face did not show noticeable
decrease (please see electronic supplementary material, Fig. 9).
The possibility of water recharge from the upper group aquifer in
the Quaternary deposits was basically ruled out as well.

However, the water level of the lower group aquifer in the
Quaternary deposits corresponded to the change of water inrush
quantity, which indicates that the water inrush source is closely
related to the calcareous layer and gravel layer at the lower
group aquifer in the Quaternary deposits, as shown in Fig. 4.

In addition to the water level data, the water quality test
data provided another piece of evidence to identify the source
of mine water inrush (Wu et al. 2017b; Xu et al. 2018). The
mine water quality data suggests that the mine water inrush
source was the sandstone aquifer on the CB3 roof before
January 6, 2012. On January 7, after the sudden increase in
water volume in the working face, the water quality was sim-
ilar to the lower group calcareous layer of the Quaternary
formation. As shown in the water chemistry Piper diagram
of Fig. 6, the Ca2+ concentration is relatively high, while the
previous water sample data shows that the Ca2+ concentration
is relatively low. All the test data indicate that the source of
mine water inrush originated from the lower group calcareous
layer of the Quaternary formation.

In summary, the large water flow rates in the water inrush
were supported by and supplied from the calcareous aquifer at
the lower group in the Quaternary formation. The aquifer is
heterogeneous with strong groundwater abundance above the
3301 working face. There may be a strong karst fissure water
passage or an ancient river bed water passage in the calcareous
or gravel layer at the bottom of Quaternary formation.

Water inrush pathway

Water inrush source and pathways are indispensable factors to
have the water inrush accident. Similar to identification of the
water inrush source, it is difficult to detect exactly themine water
inrush pathways (Wang et al. 2017; Sun et al. 2017; Qiao et al.
2017). The common water inrush pathways include faults,
mining-induced fractures, karst collapse columns, and poor
sealing boreholes, but the majority of the water inrush pathways
are faults (Zhang et al. 2016; Zhang et al. 2017b; Zhang et al.
2017c; Yu et al. 2017; Zhou et al. 2017). According to the site
conditions, this paper considers two aspects in determining the
pathway: water-conducting fracture zones and faults.

Water-conducting fracture zones

The average uniaxial compressive strength of the main roof of
CB3 is 52.56 MPa. With reference to the latest version
BGuideline for coal pillar retention and pressure coal mining
in buildings, water bodies, railways and major roadways,^
hereinafter referred to as BGuidelines^ (State Coal Industry
Bureau 2017), the CB3 roof is more reasonably hard. The
empirical formula to calculate the height of the water-
conducting fracture zone is

HLi ¼ 100M

1:2Mþ 2:0

where HLi is the maximum height of water-conducting frac-
ture zones (m), and M is the mining thickness (m).

Applying the CB3 mining height of 5.0 m to the above
formula results in the maximum height of the water-
conducting fracture zone of 62 m.

All the aquifers in the area of 3301 working face overlying
CB3 constitute the water recharge source. Since CB3 is ap-
proximately 80 to 100 m away from the bottom of the
Quaternary formation in the upper part, the height of the
water-conducting fracture cannot connect to the Quaternary
aquifers under normal circumstances, namely, with the pres-
ence of impermeable layers. Therefore, the water-conducting
fracture zone cannot be the water inrush pathway alone.

Faults

Fault DF49 was previously exposed nine times in 3100, 3104,
and 3301 working faces and − 400-m level tunnel, and no
water was encountered. Three roof holes were drilled through
the excavation in the 3301 working face, and none of them
encountered water. Fault DF49 was directly exposed at two
positions in the 3301 working face, and no water was ob-
served. However, the water inrush occurred near the fault zone
during the 3301 working face mining. The 3301 working face
is located on the lower plate of fault DF49. Mining activities
caused the originally inactive DF49 fault to activate, especially
under the low dip fault, triggering the water inrush.

In the process of mining the low-angle fault footwall, the roof
of the mined-out area subsided by gravity. Hindering the roof
sinking is mainly the fault plane between the hanging wall and
footwall cementation cohesion. Smaller angles indicate greater
fault cohesion to withstand the gravity and the degree of fracture
of the fault plane under certain conditions. And smaller angles
are more susceptible to activation of the fault. In response to
mining at the 3301 working face, the immediate overlying rock
caved and fractures above the caving zone extended to the fault
location, leading to fault stress state changes, The fault plane and
the surrounding fissure expanded, and plastic damage occurred
in the fault plane and the upper part of the contact with the
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Quaternary area, resulting in greatly enhanced permeability in
the fault and plastic damage zone. The permeable zone could be
an important pathway for the conductive Quaternary base aqui-
fer. On the other hand, the bottom of the Quaternary formation is
strong aquifer overlying the fault. Under the condition of water–
rock interaction, the seepage is concentrated on the fault plane.
When the top seepage area and fault plane and fracture are
hydraulically connected, the Quaternary water could flow in
the work space along the fault and water-conducting fracture
zones, causing the water inrush accident (Fig. 7).

Reasons of water inrush

In conclusion, the main causes of water inrush in 3301 work-
ing face are as follows: (1) there is a local water abundance
area in the calcite cementation aquifer of the Lower
Quaternary formation, which constitutes the source of the wa-
ter inrush, and (2) coal mining caused activation of low dip
fault DF49 which constitutes the flow path of the water inrush.

Fault activation mechanism of low-angle
normal fault in response to footwall mining

Fault is a geological structure that underwent a significant
displacement along the rupture surface along the rock mass
during the geological movement after the formation of the
rock mass. The structure around the fault is called a fault
fracture zone, and its cross section can be divided into two
zones: tectonic rock zones and influence belt of faults (Lei
et al. 2016; Zhou et al. 2017). The influence belt of faults is
fractured zones affected by faults, distributed on both sides of
the tectonic rock zones, and its width depends on the size of
the fault and the mechanical properties of the two rocks and

other factors. Under influence of mining activities, the fault
will be re-active or activated. After the fault activation, the
stress and fracture of the fault zone change. The original
water-free formation is replaced by water-conducting fracture
zones, even with caving zone water guide passage being
formed between the aqueous layer and the stope, causing wa-
ter inrush accidents (Cheng et al. 2013; Zhang et al. 2017a).

Methodology

Due to the limitations of the empirical formula application, the
FLAC3D numerical simulation software was applied to study
the mechanism of fault activation. FLAC3D can intuitively
reflect the stress distribution of the roof in coal seam mining,
and can well reveal the failure process of the roof and the
disturbance to the fault when mining near the fault (Xu et al.
2015), which is of great guiding significance for the rational
retention of the coal pillar. FLAC3D numerical simulation not
only helps to study the mechanism of water inrush accident
that has already occurred but also helps to guide the safe
mining in future working faces, to predict the height of
water-conducting fracture zones and has also achieved satis-
factory results. The input data included the stratum and rock
formation from the exploration boreholes, the data and char-
acteristic of DF49 fault from mining exposure and three-
dimensional seismic exploration, and the mechanical proper-
ties. The data were extracted from the exploration reports at
different stages, which are provided by the Department of
Geology and Survey in Xinhe CM.

3D model establishment

In the process of numerical simulation, it is impossible to fully
reflect the actual situation due to the influence of geological

Fig. 7 Sketch of position between
fault and water-conducting
fracture zone
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structure and formation composition. Reasonable simplifica-
tion of the actual situation is required to meet the needs of our
research and to make the numerical simulation results reflect
the actual situation as much as possible. This numerical sim-
ulation is based on the following assumptions:

1) The strata with similar lithology and mechanical parame-
ters are classified into a group without considering the
influence between adjacent strata.

2) The upper part of the model is applied vertical load in-
stead of overburden weight.

Center:
 X: 6.902e+001
 Y: 6.000e+001
 Z: 1.000e+002

Rotation:
 X:  90.000
 Y:   0.000
 Z:   0.000

Dist: 6.130e+002 Mag.:     1.56
Ang.:  22.500

Plane Origin:
 X: 0.000e+000
 Y: 0.000e+000
 Z: 6.000e+001

Plane Normal:
 X: 0.000e+000
 Y: 0.000e+000
 Z: 1.000e+000

Block State
  Plane: on

None
shear-n
shear-n shear-p
shear-p
tension-n tension-p
tension-p

Center:
 X: 6.623e+001
 Y: 6.000e+001
 Z: 8.957e+001

Rotation:
 X:  90.000
 Y: 360.000
 Z:   0.000

Dist: 6.130e+002 Mag.:     1.56
Ang.:  22.500

Plane Origin:
 X: 0.000e+000
 Y: 0.000e+000
 Z: 6.000e+001

Plane Normal:
 X: 0.000e+000
 Y: 0.000e+000
 Z: 1.000e+000

Block State
  Plane: on

None
shear-n
shear-n shear-p
shear-p
tension-n
tension-n tension-p
tension-p

Center:
 X: 6.808e+001
 Y: 6.000e+001
 Z: 9.466e+001

Rotation:
 X:  90.000
 Y: 360.000
 Z:   0.000

Dist: 6.130e+002 Mag.:     1.56
Ang.:  22.500

Plane Origin:
 X: 0.000e+000
 Y: 0.000e+000
 Z: 6.000e+001

Plane Normal:
 X: 0.000e+000
 Y: 0.000e+000
 Z: 1.000e+000

Block State
  Plane: on

None
shear-n
shear-n shear-p
shear-p
tension-n
tension-p

a

b

c

35m

56m

Water inflow

Fig. 8 Plastic failure zone diagram with mining 10 m (A), 20 m (B) and 35 m (C)
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First, a mechanical conceptual excavation model is
established according to the coal seam mining process.
Horizontal movement is limited on the side of the model, and
vertical movement is limited on the bottom of the model.
Vertical load is applied on the upper part of the model to simu-
late the weight of overburden rock as required. For normal rock
mass, the stress before coal seam mining is in a relatively equi-
librium state. Themodel must first reach a balance state of initial
force before themodel changes, set initial conditions and bound-
ary conditions, carry out initial balance calculation, and judge
whether the model is balanced by the convergence state of the
maximum unbalanced force approaching zero.

The model established in this simulation is based on the
actual structure and stratigraphy exposed to the section of the
3301 working face. The 3301 working face is closer to but
under fault DF49 (300°∠40°, drop height is 0 to 25m), belong-
ing to near-fault coal seam mining. Based on the conceptual
model, a fault-under-plate mining model with a length of
200 m and a width of 138 m and a model height of 120 m
was established. The three-dimensional model is divided into
568,080 three-dimensional units, with a total of 587,736
nodes (please see electronic supplementary material, Fig. 10
and Table 1). What needs to be particularly stated is that the
model is calibrated and the parameters resulted from the
calibrations.

Simulation results and analysis

The no. 3301 working face is arranged substantially along the
strike of the DF49 fault, the model profile is perpendicular to
the fault and the working face, and the working face with
width 32 m, and length 100 m is set, according to the actual
mining situation to carry out simulated mining, pre-mining at
31 m, encountering water problems, leaving 23-m pillars, and
continuing mining 34 m. The stress maps and plastic area
maps selected in the analysis below are cross-sectional views
of the middle of the working facemining area perpendicular to
the working face strike.

The plastic failure zone diagram with mining at 10 m (A),
20 m (B), and 35 m (C) are shown in Fig. 8. A stress arch
appeared around the working face; there are stress concentra-
tion areas on both sides of the working face, and the stress of
the fault increases especially where the fault roof is in contact
with the Quaternary formation. Figure 8 (A) shows that the
plastic failure occurs in the range of 3 to 7 m on top of the
working face, and the failure zone is close to the fault, but the
fault has not yet been plasticized; Fig. 8 (B) shows that the
destruction of roof and floor intensifies and the scope of roof
damage expands. The maximum height of the plastic failure
zone is 35 m, and the plastic failure zone appears on the fault
plane. In particular, there is a separate plastic failure zone
above the plastic failure zone on the roof, indicating that the
fault has a partial activation phenomenon. The height of the

plastic damage zone increased to 56 m, as shown in Fig. 8 (C),
and the area of the plastic fracture zone of the fault plane is
expanded, and the plastic destruction zone appears in the upper
part of the fault to the bottom of the Quaternary, which indi-
cates that the upper part of the fault is activated and the local
failure zone is connected with the lower aquifers in Quaternary;
therefore, the water inrush pathway formed (Zhang et al.
2018b), and large amounts of mine water were released from
the calcareous cementation aquifer in Quaternary. Therefore,
the mine water inrush source and pathway in the accident were
identified which contribute to make fine countermeasures such
as grouting the water inrush pathway.

Conclusions

This paper presents a case study identifying the source and
pathway for a mine water inrush that occurred at the 3301
working face at Xinhe CM in Shandong province, China.
The chronological water inrush process was described. In-
depth analysis was performed of the characteristics of water
flow rates, dynamic monitoring data of water levels in differ-
ent aquifers, geochemical testing results, and observations in
exploration boreholes. The multiple lines of evidence suggest
that the source of water inrush originated from the Lower
Quaternary porous aquifer. Solution cavities were observed
to have increased the permeability and porosity in this aquifer.
Karstification contributed greatly to the amount of water avail-
able in this source aquifer.

The movement law of roof strata in coal seam mining and
the development height of water-conducting fracture zones in
the roof were studied in detail. Based on the empirical equa-
tion recommended in the BGuidelines,^ the water-conducting
fracture zones would not reach the Quaternary aquifer under
conditions without faults. However, the existence of a low-
angle fault, DF49, resulted in an increase in the height of the
water-conducting fracture zones because of reactivation of the
fault.

The empirical equation for calculating the mining-induced
fractured height is no longer valid where faults are present in a
working face. Instead, the numerical modeling as proposed in
this paper should be used. In this paper, the mechanism of
fault reactivation was studied with numerical simulation by
FLAC3D in response to low-angle fault footwall mining.
When the upper deck is under a normal fault, CB3 mining
caused the mining-induced fracture zone to extend to the fault
location, which leads to the change of the fault stress state, the
fault plane, and the surrounding fissure expansion and con-
nectivity. On the other hand, a prolific aquifer is present in the
Lower Quaternary formation at the top of the fault. The seep-
age is concentrated in the fault plane under the water–rock
interaction. When the top seepage area, the fault plane, and
the fractured zone are hydraulically connected, water in the
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Lower Quaternary aquifer flows along the fault and the
mining-induced fractures into the mining space, causing water
inrush accident. This study can provide reference for other
water inrush accidents in Xinhe CM and has important prac-
tical significance for preventing water inrush in the coal mine.
The lessons learned from this case will provide reference for
engineers who deal with similar groundwater inrush issues in
deep underground coal mines. In addition, the results facilitate
better environmental decision-making on grouting the water
inrush pathway and insulating the water inrush resource.
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