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Abstract In underground coal mines, the connection

between the water-flow fracture zone and aquifer can

potentially cause massive water and sand inrush when

the working face is covered with unusually thick

(638.4 m) alluvium. This paper presents a case study

for a method used to investigate the height of the

water-flow fracture zone in the Xinjulong mine,

China. The engineering geological and hydrogeolog-

ical conditions of the overlying strata and aquifer were

first obtained from field and laboratory studies,

followed by numerical modelling. Numerical models

were built using the discrete element method. The

results from empirical data and actual measurements

are compared in this work, from which the regularity

of the water-flow fracture zone is developed. Finally,

the potential for water inrush into the working face is

investigated based on predictive analysis of the

connectivity between the water-flow fracture zone

and aquifer at the base of the alluvium that overlies the

mine.

Keywords Alluvium � Water-flow fracture zone �
DEM � Numerical simulation � Water inrush

1 Introduction

The development of a water-flow fracture zone can be

detrimental to safe mining beneath a water body such

as an aquifer, and thus it is important to determine the

height of the water-flow fracture zone (He et al. 2002).

Many studies of such have been undertaken by

engineers and technicians, such as Yin et al. (2013)

who used statistical analysis software software to

analyse the height of a water-flow fracture zone, and

summarised the empirical formulae of the conditions

for fully mechanized coal mining. Hu et al. (2012)

used multiple regression analysis to obtain the

nonlinear statistical relationship between the height

of the water-flow fracture zone and mining height, and

the length of the working face and mining depth. This

was based on measured data of the water-flow fracture

zone in many fully mechanized mining working faces.

Wu et al. (2012) built a simulation test model to study

the height of a water-flow fracture zone after the

failure of overlying strata. Wang et al. (2014) studied

the height of the water-flow fracture zone of the No. 16

coal seam in the Xin’an coal mine using rock failure

process analysis (RFPA), while Liu et al. (2016) used a
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FLAC�3D numerical simulation (Itasca Consulting

Group, Inc.) to predict the height of the water-flow

fracture zone in the No. 16105 working face of the

Wusuotun coal mine.

Xu et al. (2009, 2012) combined theoretical anal-

ysis with practical exploration to study the influence of

the location of key strata on the height of a water-flow

fracture zone, and developed amethod for determining

its height based on the location of these key strata.

Other work has also achieved results in guiding safe

mining production beneath water bodies (Li et al.

2012; Zhang et al. 2016a, b; Lv 2014) but only limited

studies have investigated failure characteristics and

the effects of regularity of overlying strata on the

height of water-flow fracture zones during fully

mechanized caving face mining. For coal mines

beneath thick alluvium, it is important to study the

development height of water-flow fracture zones to

determine safe mining height and set safe coal pillar

heights.

The No. 1302N working face in the Xinjulong

mine, Shandong Province, China, is used in this study

to conduct a discrete element method (DEM) analysis

of the characteristics and regularity of overlying strata

and water-flow fracture zone height. This is combined

with the empirical work of Xu and Liu (2011) and field

measurements of the water-flow fracture zone height.

By analysing the connectivity between the water-flow

fracture zone and alluvium of the basal aquifer, it is

possible to predict potential water inrush during

mining.

2 Engineering Background and Geological

Conditions

2.1 Engineering Background

The strike length of the No. 1302N working face in

Xinjulong coal mine is 1608 m, the tendency length is

270 m and the average dip angle of the No. 3 coal

seam is 8�. The average thickness of Neogene

alluvium that overlies the No. 1302N working face

is 638.4 m. The maximum thickness of the alluvium is

located above the shallow area of the working face.

The average bedrock thickness is 150 m, and contains

many water-bearing strata which have variable water

rich content. The cut of the working face is in the

thinnest bedrock.

Large mining disturbances may lead to an increase

in the height of the water-flow fracture zone, even if

connected with the aquifer. The increased height may

lead to water inrush, which threatens safe coal

production of the No. 1302N working face.

2.2 Hydrogeological Conditions

In the roof of the coal seam, the mudstone and siltstone

aquifers are mainly thick and poorly permeable, which

blocks water flow from the upper aquifer into the

working face. Based on drilling data, the No. 1302N

working face roof contains bedrock consisting of

medium grained sandstone, coarse sandstone (aquifer)

and an aquifuge comprising siltstone and mudstone.

The names and locations of the aquifers and aquifuges

are shown in Table 1 and Fig. 1.

Both Table 1 and Fig. 1 show that the aquifer and

aquifuge of the roof (No. 1) are cross-deposited. Thus,

the aquifuge can prevent hydraulic connection

between the aquifers and the working face is mainly

threatened by potential water inrush from the roof

aquifer.

3 Establishment and Analysis of Numerical Model

3.1 Numerical Model Establishment

The plane strain numerical model was established

according to the stratum characteristics using

UDECTM 4.0 software (Universal Distinct Element

Code, Itasca Consulting Group, Inc.). The model size

was set to 450 m in length and 180 m in height. Coal

pillars (75 m wide) were set with fixed boundaries at

both ends of the open-cut and stop-line. The thickness

of the coal seam was set to 9 m, with bedrock

thickness above the coal seam of 150 m and a vertical

stress of 13 MPa was applied to the top interface of

bedrock (u = 0, v = 0). The left and right boundary

conditions were set as single constraint bounds

(u = 0, v = 0) and the upper boundary as a free

boundary. The physical and mechanical parameters of

each rock are shown in Table 2.

After initial balance of the model was achieved, an

excavation was made 75 m from the left boundary of

the model, with each excavation advancing 10 m into

the working face. The numerical simulation of the

geometric model is shown in Fig. 2.
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3.2 Macroscopic Failure Characteristics

When the working face has advanced 20 m, the imme-

diate roof of the coal seam collapses (Fig. 3a), the

interlayer crack spreads upwards and themediumgrained

sandstone (No.1aquifer) nearest to the coal seamexhibits

a small amount of vertical cracking. The first collapse of

immediate roof occurs at about 20 m advancement, i.e.

after two advancements. As the working face continues

advancing to 40 m (Fig. 3b), the No. 1 aquifer appears to

collapse for the first time, and the upper part of the No. 2

aquifer cracks visibly and begins to collapse. The

interlayer and vertical cracks are obvious and expand

upwards and vertical fracturing penetrates into the upper

strata of the No. 3 aquifer. The maximum height of the

caving zone is about 28 m, and the maximum height of

the water-flow fracture zone is about 58 m.

The thickness and strength of the No. 1 aquifer is

significant (medium sandstone is 11 m thick) and has a

high carrying capacity. As a result, when the stress

exceeds its carrying capacity, roof collapse occurs that

results in the upper part of the thin and weak rock layer

to also collapse. This is referred to as the first weighting

interval of the main roof, which is at about 40 m.

When the working face has advanced 50 m, the

collapse zone of the overlying strata develops into the

mudstone of the lower part of theNo. 3 aquifer (medium

sandstone) (Fig. 3c). The height of the collapse zone

reaches a maximum of 34.6 m. When the working face

has advanced 80 m, the height of the collapse zone

remains essentially unchanged, and the height of the

water-flow fracture zone continues to develop and

passes through the mudstone of No. 3 aquifer into the

bottom of the siltstone (Fig. 3d). However, the growth

rate decreases at this stage, and the height of the water-

flow fracture zone reaches about 78 m.

When the working face has advanced 100 m, the

fracture zone develops to a maximum height of 100 m

and reaches the No. 4 aquifer. With continued mining

(Fig. 3e, f), themaximum height of the collapse zone and

water-flow fracture zone remains stable. The overlying

stratum of the early mining area fully collapses as the

advancing distance increases. The collapsed rock is

compacted and supports the upper strata, especially in the

areaofgreatest subsidence inwhichcracks are compacted

and closed. Thus, saddle-shaped depressions form at both

ends, elevated in the middle. This saddle shape becomes

more obvious with increasing advancing distance.

At this stage, the maximum height of the collapsed

zone is about 36.8 m and the ratio of collapse tomining

height is 4.09. The maximum height of the water-flow

fracture zone is about 100 m and the ratio of the height

of the fracture zone to mining height is 11.12.

From the above analysis, it can be inferred that,

during mining, the water-flow fracture zone will affect

aquifers No. 1–4, but the distance between the No. 5

aquifer and coal seam is greater than the maximum

height of the water-flow fracture zone, thus the No. 5

aquifer is not affected.

4 Height Analysis of the Water-Flow Fracture

Zone

4.1 Empirical Calculation of Height

According to the borehole data, the average mining

thickness of the No. 1302N working face is 9 m, and

Table 1 Geological characteristics of the No. 1302N working face roof deposit (Xinjulong coal mine)

Aquifer and aquifuge Distance from roof of coal seam (m) Lithology Thickness (m)

No. 1 aquifuge 8.73 Mudstone, siltstone 8.73

No. 1 aquifer 11.06 Medium grain sand 11.06

No. 2 aquifuge 6.32 Siltstone 6.32

No. 2 aquifer 3.27 Medium grain sandstone 3.27

No. 3 aquifuge 15.62 Siltstone, mudstone 15.62

No. 3 aquifer 5.38 Medium grain sandstone 5.38

No. 4 aquifuge 48.82 Mudstone, siltstone 48.82

No. 4 aquifer 9.38 Medium grain sandstone 9.38

No. 5 aquifuge 16.58 Siltstone 16.58

No. 5 aquifer 7.79 Coarse grained sandstone 7.79
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bedrock strength in the shallow working face area is

medium-hard. The failure height of the overlying

strata in the shallow working face area is calculated

according to the medium-hard strength and maximum

coal thickness of 9 m.

4.2 Empirical Formula Calculation

According to the regression equation of Xu and Liu

(2011), the maximum height calculation for two zones

(i.e. the collapsed zone and water-flow fracture zone)

in a fully mechanized mining operation under

medium-hard overlying strata is as follows:

Hm ¼ 100M

0:49Mþ 19:12
� 4:71 ð1Þ

HLi ¼
100�

P
M

0:26�
P

M þ 6:88
� 11:49 ð2Þ

where Hm is the maximum height of the collapsed

zone, HLi is the maximum height of the water-flow

fracture zone and M is the mining height (\12 m).

The maximum height of the collapse zone is in the

33.54–42.96 m range, and the height of the water-flow

fracture zone is in the 86.1–109.1 m range when the

mining height is 9 m.

Water resisting layer No.1 mudstone

Aquifer  No.1 medium-sized sandstone

Water resisting layer No.2 siltstone

Water resisting layer No.3 siltstone
Aquifer  No.2 medium-sized sandstone

Aquifer  No.3 medium-sized sandstone

Water resisting layer No.4 mudstone

Aquifer  No.4 medium-sized sandstone

Water resisting layer No.5 siltstone

Aquifer  No.5 gritstone

8,
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m
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,0
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Fig. 1 Structural characteristics of the No. 1302Nworking face

roof deposit

Table 2 Physical and mechanical parameters of each rock type used in the UDECTM 4.0 model

Lithology Density/N/

m3
Elastic modulus/

105 MPa

Poisson

ratio

Tensile strength/

MPa

Cohesion/

MPa

Internal friction

angle

Mudstone 2400 1.23 0.25 1.82 1.40 34

Siltstone 2500 1.63 0.19 1.55 3.15 35

Fine sandstone 2650 2.07 0.19 2.71 7.70 37

Medium grain

Sandstone

2550 1.75 0.18 2.21 5.90 35

Coarse sandstone 2600 1.92 0.18 1.93 4.30 36

Fig. 2 Cross section of the simulated mine model
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According to many years of observation and

statistical analysis in the Yanzhou mining area

(Huang 2007), the height of the two zones can be

empirically determined as follows where the height

of the collapsed zone is four times the height of

mining:

Fig. 3 Simulation of deformation and failure of strata overly-

ing a working coal face (bright green). Note that as the working

face advances 20 m, the immediate roof collapses and interlayer

cracks spread upward, followed by collapse of the No. 1 aquifer

at 40 m. a advancing distance of 20 m, b advancing distance of

40 m, c advancing distance of 50 m, d advancing distance of 80,
e advancing distance of 130 m, f advancing distance of 200 m
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Hm = 4�
X

M ð3Þ

The relationship between the maximum height of

the water-flow fracture zone and mining height is as

follows:

Hli ¼
100

P
M

0:94
P

M þ 4:31
� 4:22 ð4Þ

The value of Hm determined from Eq. (3) is 36 m,

and the value of HLi determined from Eq. (4) is in the

66.26–74.70 m range when the mining height is 9 m.

4.3 Measured Water-Flow Fracture Zone Height

Three observation boreholes were designed to observe

the height of the water-flow fracture zone (Fig. 4). The

boreholes are designated as follows: #1 pre-mining

hole, #2 post-mining hole and #3 post-mining hole, as

shown in Table 3.

Based on the distribution of rock strata in the roof of

the coal seam obtained from borehole drilling data, the

leakage quantity of the three observation boreholes

were quantitatively and qualitatively determined, as

well as the height of the water-flow fracture zone

(92.42–94.65 m).

It can be seen that the actual observation height of

the water-flow fracture zone in the working face is in

accordance with the results of numerical simulation

and the calculations of Eq. (2), which differs from that

of Eq. (4) for the Yanzhoumining area which provides

results that are too low. Based on regression analysis

and statistical data from the Yanzhou mining area

(Table 4; Xu and Liu 2011; Table 5; Huang 2007), it is

evident that the empirical calculation used in regres-

sion analysis considers a mine depth[400 m, while

the Yanzhou empirical calculation only considers

shallow mining depths. Thus, the empirical regression

analysis is more suitable for the calculation of two

zones of overlying strata in deep mining.

It is important to note that each coal mine will have

its own specific geological conditions, mining meth-

ods and mining conditions. Therefore, the empirical

calculations can be used as a reference, but can be used

in combination with numerical results to analyse the

development laws of the water-flow fracture zone.

This potentially provides a better method for

Table 3 Observation

borehole parameters
Drill hole Aperture Azimuth (mm) Angle of elevation Hole depth (m)

1# Pre-mining hole 89 253� 45� 150

2# post-mining hole 89 86� 52� 163

3# post-mining hole 89 86� 42� 172

Mining front hole 1#

Mining Rear hole 2#

Caving zone

1303N crossheading

1302N upper entry

Mining Rear hole 3#

Silty sandstone

White sandstone

Fine sandstone

Mudstone

Medium grained sandstone

94
.6

5

92
.4

2

Silty sandstone

Fine sandstone

Silty sandstone

Fine sandstone
Silty sandstone
Fine sandstone

Silty sandstone

Water following
fracture zone

Fig. 4 Drilling segment cross section showing leakage quantity (purple) in observation boreholes above the working face
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accurately assessing the height of the water-flow

fracture zone. By comparing the simulation results

with the results of empirical calculations, accurate

conclusions can be made regarding the development

laws of the water-flow fracture zone.

The No. 1302N working face is at a depth of about

800 m, and is overlain bymore than 600 m of alluvium.

As a result, the empirical regression analysis results are

most comparable to the actual measurement results.

However, there is still very little observational data and

limited research into conditions of two zones in deep

mining. The study of deformation and failure height of

the 1302Nworking face in this paper shows that there is

no obvious influence exerted by the alluvium thickness.

Nevertheless, there is an influence exerted by the

presence of faults. The 2302 N working face, which is

Table 4 Statistical height

data for two zones (Xu and

Liu 2011) of overlying

strata

Mine Working face Mining depth Mining height HLi Hm

Xiagou coal mine ZF2801 316–347 9.9 111.81 –

Xiagou coal mine ZF2801 316–347 9.9 125.81 –

Kongzhunag coal mine – 83 5.29 61 –

Nantun coal mine 63U10 400 5.77 70.7 25

Nantun coal mine 93U01 – 5.65 67.5 28

Xiashijie coal mine 213, 214 – 16 – 62.43

Zhangji coal mine 1212 – 3.9 49.05 –

Zhangji coal mine 1221 – 4.5 57.45 –

Xieqiao coal mine 1221 – 5 73.28 –

Baodian coal mine 1303 352–517 8.7 71 –

No. 3 Jining coal mine 1301 445–515 6.3 66.56 –

No. 3 Jining coal mine 1301 445–515 6.3 68.6 –

No. 3 Jining coal mine 1301 445–515 6.3 66.5 –

No. 3 Jining coal mine 43 445–516 6.67 – 21.7

Xinglongzhuang coal mine 4320 300–400 8 86 36.8

Xinglongzhuang coal mine 5306 – 7.1 74.4 –

Xinglongzhuang coal mine 1301 – 6.36 72.9 –

A coal mine No. 3 coal seam 263 6.5 83.9 –

Yangcun coal mine 301 69–130 6.4 62 –

Zhuxianzhuang coal mine II865 480 13.43 130.78 –

Duolunxiexin coal mine 1703-1 302 9.58 112 54

Duolunxiexin coal mine 1703-1 312 9.09 111 51

Wangzhuang coal mine 6206 297 5.2 – 19.35

Wangzhuang coal mine 6206 295 5.7 – 35.7

Beizao coal mine – 230 3.6 30 –

Xieqiao coal mine 1212 – 4 44.96 –

Xieqiao coal mine 1121 – 4.8 54.79 –

Xieqiao coal mine 1122 – 6 67.88 –

Panyi coal mine 2622 – 5 65.25 –

Renlou coal mine 7212 355–399 4.7 56 21

Baizhuang coal mine 7507 – 4.9 63.6 –

Yangquan coal mine 8203 – 6.6 – [30

No. 1 Xinji coal mine 1303 117 7.76 83.94 –

No. 1 Xinji coal mine 1303 117 5.73 60.69 –

No. 3 Jining coal mine 1034 – 3.7 42.28 –
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adjacent to the 1302N working face, is normally

mined when the thickness of bedrock is 70 m, but

when the bedrock is 160 m thick, faulting occurs

followed by water and sand inrush. The sand that

rushes in is located at the bottom of the thick alluvium

(Fig. 5), which indicates that the characteristics of

deformation and failure of the overlying strata in

unusually thick alluvium need further study.

5 Conclusions

In this paper, a method for predicting the development

height of the collapse zone and water-flow fracture

zone during fully mechanized mining beneath unusu-

ally thick alluvium has been presented. Combined

results of empirical calculations and numerical simu-

lations based on the development laws of the water-

flow fracture zone allow the following conclusions to

be drawn:

1. The first collapse above the No. 1302N working

face occurs after about 40 m of advancement;

with a maximum collapse zone height of about

36.8 m. The ratio of collapse zone to mining

height is 4.09. The maximum height of the water-

flow fracture zone is about 100 m, and the ratio of

fracture zone height to mining height is 11.12.

2. When the advancement distance is about 50 m,

the collapse zone reaches its maximum, and the

water-flow fracture zone develops rapidly. When

the advancement distance increases to 130 m, the

fracture zone develops to its maximum value. As

the advancement distance increases further, the

overlying strata fully collapse. Cracks within this

material become compacted and close, and the

collapsed rock compacts supports the upper strata.

This is especially evident in the area of greatest

subsidence, in which a saddle-shaped depression

forms that becomes most obvious with increasing

distance from the collapse.

Table 5 Statistical height data for two zones of overlying

strata from the Yanzhou mining area (Huang 2007)

Working face Mining height HLi Hm

5306 6.9 76.7 –

5306 6.9 33 –

5306 7 79.2 –

4314 7 54 –

4314 7.4 66.5 –

2303 7.3 36.2 20

2303 7.8 44.2 27.6

2302N entry

working face

sand inrush

water inrush

2302 N working face

Fig. 5 Water and sand inrush location of 2302 N working face
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3. Considering the maximum development height of

the fracture zone, failure of the strata overlying

the No. 1302N working face will affect aquifers

No. 1–4. However, the No. 5 aquifer will not be

affected because the distance from the No. 5

aquifer to the coal seam is greater than the

maximum height of the water-flow fracture zone.

Therefore, during mining of the No. 1302N face,

aquifers No. 1–4 will exert an influence on water

inflow into the working face. At present, there are

still too few observation data and research results

for the overlying strata and accurate calculations

are still lacking.

Therefore, the characteristics of deformation and

failure development in strata overlying a coal mine

beneath unusually thick alluvium are linked to the

presence of aquifers, mining advancement distance

and particular geological conditions, such as faults.

However, further study is required to fully quantify the

development and operation of water-flow fracture

zones.
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