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Abstract Water inrush due to fault activation in

deep coal mining is the main type of water disaster in

central and eastern China. This paper analyzed the

primary form and mechanism of fault activation that

triggers water inrush and derived the critical condi-

tions for fault activation. The WuGou coal mine is

used as a geological example, and the characteristics

of the fault activation and mechanism of the confined

water rising were researched by similar simulation

experiments. The results provide the following con-

clusions. (1) There are three forms of fault activation

that trigger water inrush: continuous fault, hidden fault

and associated fault activation. (2) Mining causes high

abutment pressure in a coal seam; this pressure

transfers to the floor, causing damage and failure.

The maximum failure depth occurs when the overly-

ing strata is in a critical fractured state. The cracks of

the floor gradually close in the goaf. (3) The fault

activation causes water inrush and exhibits four

stages: fault zone yielding caused by high stress,

cracking and extending of the fault zone, movement

and slippage of the fault zone, and confined water

rising. (4) The influence factors of the confined water

rising were analyzed. The experimental results show a

negative correlation between the confined water

height and distance to the fault zone and a positive

correlation among the confined water pressure, fault

zone width and confined water height. In addition, a

strong–weak–strong change law of the confined water

pressure with height is observed.

Keywords Fault activation � Similarity simulation

experiment � Floor failure � Confined water rising

1 Introduction

Coal mining activities triggering confined water

inrush is the main type of water disaster in deep

mining projects in China, and fault activation caused

by mining-induced water inrush accounts for 80% of

the water disasters (Li and Fu 2006). With resource

depletion, mining depths are increasing; which wors-

ens the mining conditions and increases the ground

pressure and confined water pressure (which reaches

10 MPa in some deep mining areas), increasing the

risk of confined water inrush (Gui and Lin 2016). To

achieve safe and efficient mining of deep coal

resources, it is important to determine the character-

istics of fault activation and mechanism of confined

water rise.
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In the last decade, many scholars have researched

the mechanisms of fault activation and water inrush,

influencing factors, and prediction and control tech-

nologies by using different methods and means, such

as theoretical derivation, numerical simulation and

laboratory experimentation. The critical conditions for

the fault dip angle, mining depth, and mining distance

have been calculated and derived from Mohr–

coulomb failure criteria (Shi and Hou 2011). The

maximum critical pressure of confined water has been

calculated (Lu et al. 2014). The influence factors of

fault activation, the movement and failure state of the

overlying strata, and the failure process of the floor

have been studied by using the numerical simulation

software FLAC, COMSOL, and RFPA (Li et al. 2009;

Zhang et al. 2016; Liu and Wu 2008). The failure

process, penetrability, critical water pressure, and

distribution of stress in small rock samples have been

tested in the laboratory by different experimental

methods (Qiao et al. 2013). The mechanism driving

prediction methods and control technologies of fault-

activation-induced water inrush has been proposed

(Song et al. 2013). With the development of micro-

seismic monitoring technology, precursor information

and characteristics of water inrush have been ana-

lyzed, and have provided new ways to predict water

inrush. Scholars have researched other aspects of

fault-activation-induced confined water inrush

through different methods (Sun and Wang 2013).

This paper studies the characteristics of fault

activation and the mechanism of confined water rise

by using large similar simulation tests. In these tests,

the facilities and equipment were independently

designed. Then, the floor failure, fault activation

characteristics, mechanism of confined water rise and

influence factors are analyzed.

2 Form and Critical Conditions of ConfinedWater

Inrush by Fault Activation

2.1 Form of Water Inrush by Fault Activation

The formation conditions of strata and later geotec-

tonic movement cause numerous fault structures in

natural strata. Fault structures create discontinuities in

the initial strata, which naturally include weak inter-

layers. Deep mining causes high abutment pressure,

creating a large and deep failure zone within the floor;

faults can also be activated during mining activities.

Finally, confined water rises along these activated

fault zones in the damaged floor area and then

suddenly inrushes into the working face, causing a

water disaster. The fault activation that induces

confined water inrush can be divided into three forms:

continuous fault, hidden fault and associated fault

activation (Chen et al. 2011).

2.1.1 Continuous Fault Activation Triggering Water

Inrush

Continuous faults are the most common fault struc-

tures under natural geological conditions and are the

most threatening geological structures in mining

activities. Continuous faults offset initially continuous

strata and coal seams, and mining the upper plate of a

reverse fault reduces the distance from the coal seam

to the confined water layer (Tang et al. 2011).

In most mining activities, continuous fault activa-

tion triggering confined water inrush shows a clear

characteristic of a time delay, and most events occur in

the goaf, which is mined over and closed. Keeping a

large waterproof pillar along the fault zone in shallow

mining can effectively prevent fault activation. How-

ever, this is not infeasible in deep mining. In deep

mining, the high abutment pressure of the goaf

transfers to the waterproof pillar, forming a high

stress concentration; increasing the stress over a

critical limit, causing the fault zone to yield, fracture

development, extension, and structural variation.

Finally, a confined water inrush occurs along the

fractures in the waterproof pillar and floor, causing a

water disaster. The first water inrush location is the

junction of the waterproof pillar and failure floor of

goaf, as shown in Fig. 1 (Li et al. 2011).
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Fig. 1 Continuous fault activation triggering water inrush
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2.1.2 Hidden Fault Activation Triggering Water

Inrush

Hidden faults are small fault structures that offset

continuous strata within a limited range; hidden faults

have limited extensions and are difficult to identify.

Therefore, hidden faults are the most easily ignored

fault structure in mining activities. Numerous engi-

neering practices have shown that the confined water

inrush due to hidden fault activation is more instan-

taneity and unpredictable (Han et al. 2009).

Hidden fault activation often triggers confined

water inrush during working face mining. During coal

mining, the load of the overlying strata transfers to the

floor through the coal seam, causing floor damage and

fracture development; simultaneously, the lower hid-

den faults are also activated. Once the floor fractures

extended to the hidden fault, the confined water

suddenly bursts into the mining working face, creating

a water disaster, as shown in Fig. 2.

2.1.3 Associated Fault Activation Triggering Water

Inrush

During the formation of large and continuous fault

structures, many associated small faults are often

formed in the vicinity; these associated faults clearly

have limited extensions and are difficult to identify. In

mining activities, we often attach considerable impor-

tance to large fault structures and easily ignore the

associated faults; therefore, associated fault activation

can suddenly and unpredictably conduct water burst

into the working face.

Associated fault activation generally triggers water

inrush near the stop line of the mining working face.

When designing waterproof pillars, we tend to

consider the geological conditions of large faults and

ignore that the associated faults may extend outside of

the waterproof pillars. Near the mining stop line, the

associated faults activate because of the high abutment

pressure on the waterproof pillar (Wang et al. 2016). In

addition, when the associated faults connect with the

fractures in the floor, confined water burst into the

working face can occur instantly, as shown in Fig. 3.

2.2 Critical Conditions of Fault Activation

Based on classical fault theory (Yin et al. 2015) and

mining activities, a mechanical model of fault activa-

tion is established, as shown in Fig. 4. In Fig. 4, AB is

the fault plane; rx and ry are the horizontal and

vertical stresses acting on the fault, MPa; P is the

pressure of the confined water on the fault plane, MPa;

and a is the dip angle of the fault.

The normal stress on the fault plane:

rn ¼
rz þ rx

2
þ rz � rx

2
cos 2a� p ð1Þ

The shear stress on the fault plane:

sn ¼
rz � rx

2
sin 2a ð2Þ

According to the Mohr–coulomb failure criterion,

the shear strength of the fault plane:

sf ¼ cþ rn tanu ð3Þ

where c is the cohesion of the rock, MPa, and u is the

internal frictional angle.
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Fig. 2 Hidden fault activation triggering water inrush
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Fig. 3 Associated fault activation triggering water inrush
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Many engineering practices and experiments have

shown that fault activation is shear failure. Thus, the

critical condition of fault failure is sn � sf .

sn � cþ rn tanu ð4Þ

With formulas (1), (2) and (4), the critical pressure of

the confined water can be written as follows:

P ¼ rz þ rx
2

þ rz � rx
2

cos 2aþ 2c� ðrz � rxÞ sin 2a
2 tanu

ð5Þ

According to the basic theory of mining ground

pressure (Huang 2007):

rz ¼ KcH
rx ¼ krz ¼ kKcH

�
ð6Þ

where K is the maximum stress concentration factor; c
is the unit weight of the overlying strata, kN/m3; H is

the mining depth, m; and k is the lateral pressure

coefficient.

From formulas (5) and (6):

P ¼ KcHð1þ kÞ
2

þ KcHð1� kÞ
2

cos 2a

þ 2c� KcHð1� kÞ sin 2a
2 tanu

ð7Þ

Formula (7) is the formula used to calculate the

critical pressure of the confined water due to the fault

activation. In engineering practices, if the practical

pressure of the confined water is greater than this

critical pressure, the fault can be activated; otherwise,

the fault cannot be activated (Sun et al. 2015).

Transforming formula (7):

H ¼ 1

Kc

� 2c� 2P tanu
ð1þ kÞ sin 2a� ½ð1þ kÞ þ ð1� kÞ cos a� tanu

ð8Þ

Formula (8) is the calculated formula of the critical

mining depth. In engineering practices, if the practical

mining depth is deeper than this critical depth, the fault

can be activated; otherwise, the fault cannot be

activated (Wu et al. 2004).

3 Experimental Fault Activation

3.1 Experimental Equipment

Based on a two-dimensional similar simulation test

bed, we designed and modified equipment for testing,

as shown in Fig. 5, including the two-dimensional

similar simulation test bed, confined water loading

system, floor aquifuge system and confined water

rising system.

3.1.1 Two-Dimensional Similar Simulation Test Bed

The two-dimensional similar simulation test bed,

which mainly includes a frame and hydraulic jacks,

is used to create and simulate the faults and adjacent

strata. The dimensions of the similar simulation test

bed are length 9 width 9 height of 3 9 0.4 9 1.8 m

(where 1.8 m is the effective height of the model).

3.1.2 Confined Water Loading System

The confined water loading system includes water

supply and return pipes. The water supply pipe is

attached to a pressure pump, pressure tank, one-way

valve, pressure governing valve and manometer. The

pressure pump can pressurize water in the pressure

tank to provide an initial water pressure. The one-way

valve can prevent water return to the pressure tank

when the water pressure is insufficient. The governing

valve and manometer can control the accuracy and

continuity of the water pressure in the water bag. The

return pipe is attached to a pressure relief valve,

manometer, one-way valve and return tank. The

pressure relief valve and manometer can effectively

guarantee the stability of the water pressure in the

water bag and can self-regulate when the water bag

pressure exceeds a critical limit. The return tank can

recover the water from the water bag for recycling.

Fig. 4 Mechanical model

of fault activation
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3.1.3 Floor Aquifuge

The floor aquifuge is a Q235 iron steel plate. The

dimensions of the iron plate are

length 9 width 9 thickness of 40 9 10 9 0.5 cm.

A certain distance between two plates (1–2 cm) is

created to simulate the fractured floor, which was

damaged by high stress.

3.1.4 Confined Water Rising System

The confined water rising system is mainly composed

of a water bag, confined water rising tube and drainage

tube. The water bag is mainly made of rubber with a

good flexibility and ductility, which is customized.

The dimensions of the water bag are width 9 height

of 40 9 14 cm; 40 cm is the test bed width, 14 cm is

the height of the single iron protecting plate of the

similar simulation test bed, and the length of the water

bag is adjustable. The confined water rising tube is soft

and black, with a diameter of 2 cm. The drainage tube

is a typical medical infusion tube, connecting to the

confined water rising tube across a certain distance

(2–5 cm). Each drainage tube is equipped with a

control valve. When the confined water rises along the

rising tube to the drainage tube, the water may be

spilled.

3.2 Engineering Background

The WuGou coal mine is in the LinHuan mining area

of the HuaiBei coalfield in China. There are 7 fault

structures with fault throws greater than 100 m in the

mining area. The widths of the fracture zone of the

faults are 2–60 m; these zones are mostly filled with

mudstone, with lesser amounts of siltstone and sand-

stone. No water leakage occurred during the site

drilling; therefore, these faults are non-water-conduct-

ing faults. At present, the mining coal seam is the tenth

in the central part of the Shanxi Formation and has an

average thickness of 3.94 m. The rock within 30 m of

the roof is mainly a medium-grained sand and

siltstone. The average distance from the coal seam to

the confined water (Taiyuan formation) is 41.9 m. The

rock in this area is mainly interlayered siltstone,

sandstone and mudstone.

The experiment uses the tenth coal seam, which is

mined in the No. 1033 working face at a depth of

400–550 m, as an example. The F13 fault extends

5.2 km and is close to the ventilation roadway; the

throw of this fault is 100–240 m. For the F13 fault, the

main water inrush threat is from the water in the

Taiyuan limestone, which this fault offsets (confined

water pressure of 3.2 MPa). The location and layout of

the working face is shown in Fig. 6.

Coal

Two dimensional simulation test bed
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Tube of confined
   water rising

Water bag

Water loading systemHydraulic  jack

Iron plate of  floor aquifuge

Water inlet Water outlet
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   tankReturn
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Pressure
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One-way valve
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Fig. 5 The experimental system to study fault activation triggering confined water inrush

Fig. 6 Layout of the working face and fault F13 (unit: m)
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3.3 Test Parameters and Process

3.3.1 Parameters

The fault dip angle is 70�, the fault throw is 148 m, and

the thickness of the coal seam is 4 m. The distance

from the coal floor to the confined water is 42 m. The

coal seam and strata are horizontal. We mainly study

the overlying strata movement and floor failure:

100 m from the upper plate to the coal seam and

40 m from the coal seam to the confined water.

According to the parameters measured from the

engineering background and the theory of similarity

simulation experiments (Lu and Wang 2015), the

geometrical similarity is 1:100, and the strength

similarity is 1:150.

Therefore, the experimental confined water pres-

sure is 21 kPa. According to the similar materials used

by other scholars, we used river sand as the aggregate

material, and calcium carbonate and gypsum as the

cementing materials (Yuan et al. 2015; Zhu et al.

2017). In the upper boundary of model loads com-

pensating stress 65 kPa. By testing specimens com-

posed of similar materials, we determined the ratio of

the similar materials. The parameters used to create

the strata layers and to determine the weight of each

material is shown in Table 1.

To study the influence of the width of the fault zone

on the confined water rising, we designed different

widths of the fault zone (1, 2 and 4 cm) along the

direction of the test bed; the faults were placed at 10,

20 and 10. The fault zone is filled with a mixture of

mica and mudstone and is lightly compacted when

laid. To reflect the instantaneous confined water

height, the tube of the confined water rising is

connected with the drainage tube at different heights,

and the drainage tube drains to the surface of the

experimental model. Below the coal seam and along

the fault zone, drainage pipe is set every 2 cm; the

drainage pipe is set every 4 cm above the coal seam.

To monitor the abutment pressure and floor stress,

especially the stress variation in the fault zone, stress

sensors are added in the model. The parameters of the

experimental model are shown in Fig. 7.

3.3.2 Experimental Process

According to the test scheme and parameters, the

following experimental setup was performed: laying

the upper and lower plates of the fault strata,

assembling the confined water loading system, and

installing the stress sensors and iron plates. After the

strata were added, a 10 9 10 cm grid was drawn on

the front surface of model. The coal seam was

excavated incrementally (5 cm), to 30 cm from the

fault zone; data were collected on the confined water

height, stress sensor changes, and observations of the

fracture development in the floor. During coal seam

mining, the change in the confined water pressure was

kept within a certain range (10 kPa), and the drainage

from the drainage tube was recorded to study the law

of confined water rising with pressure change.

4 Experimental Results

4.1 Floor Failure Mechanism

As the working face is mined, the abutment pressure in

the coal body gradually increases. When the working

face advances to 30 cm, the stress at measuring point 4

is 240 kPa, which is twice the original pressure.

According to the distribution of the abutment pressure,

the range of influence of the mining activities is

30 cm. The changes in stress at measuring point 4 are

shown in Fig. 8.

The high abutment pressure transferring to the floor

creates a stress concentration in the strata of the floor,

and the stress increases gradually. As the abutment

pressure decreases rapidly in the goaf and the confined

water pressure remains high, the iron plates begin to

rise (Fig. 9a). Finally, the fractures in the floor form

and extend gradually (Fig. 9b). Before the first

movement of the overlying strata (40 cm), the depth

of the floor failure and fracture development reaches a

maximum 13–15 cm (Fig. 9c). With continued min-

ing, the overlying strata breaks and compacts in the

goaf, causing the floor fractures to gradually close

(Fig. 9d). The floor strata periodically exhibit failure

processes.

4.2 Characteristics of Fault Activation

Taking the distance from the coal wall to the fault zone

as a reference, the mining activity-induced fault

activation can be divided into four stages: fault zone

yielding caused by high stress, cracking and extending
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of the fault zone, movement and slippage of the fault

zone, and confined water rising (Miao et al. 2011).

4.2.1 Fault Zone Yielding Caused by High Stress

When the working face advanced 50–55 cm to the

fault zone (Fig. 10a), the pressure on both sides of the

fault zone under the coal seam clearly increased. The

maximum pressure at point F2 and R2 were 240 and

280 kPa, considerably higher than the compressive

strength of the fault zone filling, causing yielding of

the fault zone filling (the fault zone filling compressive

strength is 100 kPa). The mixture of mica and

mudstone used to fill the fault zone was extruded to

the surface of the model. Due to the compressive

deformation of the coal seam near the fault zone, and

large section of overlying strata lost stability and

rotated, causing the fault zone above the coal seam to

clearly experience tension and shear. Finally, the

filling of the fault zone yielded and failed, clearly

exhibiting extension, and the phenomenon of micro-

fracture development occurred (Fig. 10b).

4.2.2 Cracking and Extending of the Fault Zone

When the working face advanced 40 cm to fault zone

(Fig. 11a), due to the thick overlying strata, the upper

plate rotated and subsided, and the micro-fractures in

the fault zone above the coal seam stretched and

extended to form macro-fractures and a small number

of through going cracks. Simultaneously, due to high

abutment pressure, the coal body was further com-

pressed, and the upper fault zone plate showed a clear

settlement. The highest stress was 390 and 470 kPa at

points F2 and R2, and the fault zone was further
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compressed and destroyed. Fractures and cracks

developed and extended in the floor next to the coal

wall, due to undergoing shear and high abutment and

confined water pressures. While the stored energy and

stress of the fault released, the highest stress peak was

transferred to the coal seam away from the fault zone.

a

b

d

c

Fig. 9 The failure process of the floor. a Iron plates rising.

b Fracture development. c The maximum depth of fracturing.

d Floor fractures closed in the goaf

Filling extrusion 

b 

50cm to fault 

Fault 

a 

Fig. 10 Fault zone yielding caused by high stress. aDistance to
the fault zone. b Micro-fracture development

Fracture development

40cm to fault

a

b

Fig. 11 Cracking and extending of the fault zone. aDistance to
the fault zone. b Cracks extending
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Due to the abutment pressure and confined water

pressure, the macro-fractures and cracks in the fault

zone begin to propagate through the strata, as shown in

Fig. 11b.

4.2.3 Movement and Slippage of the Fault Zone

When the working face advanced 30 cm to fault zone

(Fig. 13a), the cracks in the fault zone in the upper

coal seam were exacerbated, and their opening

gradually increased from bottom to top. The upper

plate slides downward, and the two fault plates clearly

move. The stress in the coal body 15–20 cm from the

fault zone quickly increased; the stress of measuring

point 8 (5 cm from the coal wall) is 700 kPa (super-

imposed by the peak abutment pressure and tectonic

stress). Simultaneously, the stress in the coal body

near the fault zone quickly decreased; the stress of

measuring point 9 (5 cm from the fault zone) is

700 kPa, greater than the initial stress at this point.

Under tectonic stress, the stress curve has a double

peak, as shown in Fig. 12.

Therefore, a large stress difference is generated

between the coal wall and fault zone; combined with

the effect of the confined water, the floor near the coal

wall and the fault zone will become damaged due to

the development and propagation of cracks, especially

cracks through the floor and fault zone, as shown in

Fig. 13b.

4.2.4 Confined Water Rising

As the fractures extend farther, major and through

going cracks form in the fault zone above coal seam

and floor. Although there are no completely through

going cracks in the fault zone below the coal seam, the

development of macro-cracks possibly causes water to

rise, especially since there are cracks that cut through

the floor and fault zone. Once the confined water

pressure reaches the required condition (later mea-

sured to be 15 kPa), or with the long-term effect of

confined water, fault activation and water rising may

occur, as shown in Fig. 14. During mining of the

remaining the coal pillar (30 cm), the drainage tubes

drain water; then, when excavating 20–25 cm from the

fault zone, the confined water rises and drains quickly.

The height of the confined water level decreases and

remains stable after mining through the fault zone

(Zhang et al. 2013).
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Fig. 13 Movement and slippage of the fault zone. aDistance to
the fault zone. b Slippage of the fault zone

Fig. 14 The throughgoing fracture on the surface of the fault

zone
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4.3 Influence Factors of Confined Water Rising

By controlling and changing the pressure of the

confined water, distance between the fault zone and

coal wall, and width of the fault zone, we quantita-

tively studied the influencing factors of confined water

rising due to fault activation, based on the height of the

confined water rise along the fault zone (Zhu et al.

2009; Wang et al. 2015).

Keeping the confined water pressure at a constant

20 kPa, we observed the rising confined water level at

different distances (from the coal wall to the fault zone),

as shown in Fig. 15. The results show that there is a

negative linear correlation between the water level and

distance. When the distance is 40–45 cm, the confined

water starts to rise along the fault zone; then, the fault

starts to activate and conduct water. Confined water

rises quickly at the three different fault zone widths,

especially when the distance to the fault is 20–25 cm.

When the distance is 25 cm (from the coal wall to the

fault zone), the greatest quantitative change in the

confined water pressure is 3 times the original water

pressure (20 kPa). The correlation curve of the confined

water height and pressure is shown in Fig. 16 and has a

positive correlation. The curve can be divided into three

stages, and shows a strong–weak-strong trend. Espe-

cially when the pressure exceeds 40 kPa, the confined

water rises rapidly because of the high-pressure confined

water, and the water height exceeds 40 cm (coal seam

position), suggesting that the fault zone above the coal

seam is more active than that below the coal seam.

The conclusion that can be drawn from Figs. 15 and

16 is that there is a positive correlation between the

width of the fault zone and confined water height, at

the same distance and water pressure. In the early

stage, the correlation was weak, but the correlation

gradually increased with the decrease in the distance to

the fault and increase in confined water pressure (Peng

et al. 2013; Shi et al. 2012).

5 Conclusions

1. There are three forms of fault activation that

trigger water inrush: continuous fault, hidden fault

and associated fault activation. Continuous fault

activation triggering water inrush is a common

water disaster and mostly occurs in the goaf at the

end of mining activities, and the first water inrush

location is the junction of the waterproof pillar

and failure floor of goaf. Hidden fault activation

triggering water inrush often occurs during work-

ing face mining, and these events are sudden and

unpredictable. Associated fault activation trigger-

ing water inrush generally occurs near the stop

line of the mining working face, these events are

often not observed and can be ignored.

2. Mining activities causes high abutment pressure

in the coal body; this pressure is transferred to the

floor, causing floor failure and damage. The

maximum failure depth is generated when the

overlying strata are in a critical fractured state and

the cracks of the floor gradually close in the goaf.

The failure of the floor is a periodic process.
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Fig. 15 The correlation curve between the confined water
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3. The fault activation that triggers water inrush

exhibits four stages: fault zone yielding caused by

high stress, cracking and extending of the fault

zone, movement and slippage of the fault zone,

and confined water rising. The fault zone above

the coal seam yields under tension and shear, and

the fault zone below the coal seam yields under

compression. The fault zone below the coal seam

activates after the fault zone above the coal seam.

4. There is a negative correlation between the

confined water height and distance to the fault

zone, and there is a positive correlation between

the confined water pressure, fault width and

confined water rising height. In addition, a

strong–weak-strong change law between the con-

fined water pressure and height was observed; in

the early stage, the correlation is weak, but the

correlation gradually increased with the decrease

in the distance to the fault zone and increase in the

confined water pressure.
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