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Abstract Research on the height of the water-flowing
fractured zone (HWFFZ) is important for mine safety and
regional eco-environmental conservation in the Jurassic coal
field of northwestern China. Using the Cuimu coal mine as
a case study, on-site measurement, mechanical theory cal-
culation, and numerical simulation were used to analyze the
regularity of the HWFFZ in this area. A television borehole
wall imaging system with a light source allowed us to exam-
ine the size and shape of fissures intuitively, allowing the top
boundary of the HWFFZ to be determined. Per mechanical
theory, the overlying strata in the decreasing stress zone was
simplified as a clamped rectangular plate and the formula for
calculating HWFFZ was obtained by comparing the value of
the ultimate deflection of the thin plate and the height of the
free space in the lower part of the stratum. In addition, the
dynamic development of the HWFFZ was simulated using
realistic failure process analysis software. The unusual char-
acteristics of the HWFFZ were analyzed from two aspects:
the inapplicability of the traditional empirical formula and
the difference of the overlying strata structure of the Jurassic
and the Carboniferous Permian coalfields. These strata can
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be divided into layered and integrated strata in the Jurassic
coalfield.

Keywords Field observation - Theory of plates and
shells - Numerical simulation - Overlying strata structure

Introduction

Coal, the primary energy source in China, contributes to
about 70% of the country’s energy production and is thus
important in China’s economic development (Zhang et al.
2009a, b). With the gradual depletion of coal resources
in eastern China, the development of coal resources has
shifted to the arid and semi-arid region of northwestern
China, which has a fragile eco-geological environment (Li
et al. 2013a, 2015). The abundant reserves of the Jurassic
coal seams there accounts for over 25% of China’s proven
recoverable reserves (Li et al. 2000a, b; Wang et al. 2010).
However, the large-scale development of coal mining there
is damaging the ecological environment and public health,
causing water shortages, water pollution, vegetation death,
and high human health risk (Adam and Paul 2000; Andreas
and Nikola 2011; Kendorski 1993; Li et al. 2013b, 2014,
2016; Li and Qian 2011; Qiao et al. 2017; Wu and Sun 2016;
Zhang et al. 2009a, b; Zhang and Peng 2005). Therefore,
water conservation is necessary for the sustainable develop-
ment of coal resources in northwestern China.

There are three distinct zones (a caved zone, a fracture
zone, and a continuous deformation zone) of disturbance
in overburden strata, based on the deformation and fail-
ure characteristics of overlying strata (Palchik 2002). The
combined thickness of the caved and fractured zones is the
water-flowing fractured zone (WFFZ), which water can
flow through. The key to conserving water during mining
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is to ensure that the WFFZ doesn’t link with the overlying
aquifer or land surface. Therefore, an accurate determina-
tion of the height of the WFFZ (HWFFZ) has important
theoretical and practical significance to the safe exploita-
tion and ecological environment of northwestern China.

The empirical formulae and evaluation methodology of
the HWFFZ was deduced based on measured results (Hu
et al. 2012; Palchik 2003). Adhikary and Guo (2014) sum-
marized the methods of measuring mining-induced strata
permeability and carried out underground hydrogeologi-
cal monitoring and measurements. Karacan and Goodman
(2009) studied hydraulic conductivity changes and influen-
tial factors in longwall overburden by slug tests in gob gas
vent holes, which is conducive to estimating the HWFFZ.
Mining parameters affecting HWFFZ have been simulated
in numerical and physical simulations, providing a basis
for safe mining (Ding et al. 2014; Liu et al. 2015; Zhang
et al. 2016, 2013). The concepts of an interlayer stratum
(Gao et al. 2012) and geometry-independent and -depend-
ent roof fractures have been theoretically modelled to esti-
mate the height of the de-stressed zone above the mined
panel roof in longwall mining (Majdi et al. 2012). Rezaei
et al. (2015) presented a time-dependent energy model
to calculate mining-induced stress over gates and pillars.
In addition, the relationship between HWFFZ and mining
parameters has been determined (Shi et al. 2012; Zhao
et al. 2015).

Few authors have researched the HWFFZ in the north-
western Jurassic coalfield. Ning et al. (2016) assessed the
developed height of the fracture zone by measuring water
leakage and then put forward a method to evaluate ways
to conserve water. Wei et al. (2016a, b) studied the forma-
tion and height of the interconnected fractured zone after
extraction of thick coal seams with weak overburden in
northwestern China by numerical analysis and a field test.
Zhang et al. (2014) researched mining-induced fractures
from overlying strata to the surface using radon detec-
tion. Fan et al. (2011) studied the dynamic propagation and
distribution of overlying fractures in horizontal and verti-
cal planes caused by longwall mining in a shallow coal
seam in the Shendong mine area. Wang et al. (2012) pre-
dicted the HWFFZ for a shallow coal seam covered with
thin bedrock and thick windblown sands. Although these
research results provide an important theoretical basis, it
is not enough for safe, large-scale mining of the Jurassic
coal seam in northwestern China. For this reason, borehole
video camera field observation, mechanical theory calcu-
lation, and numerical simulation were used to study the
HWFFZ based on the geological and mining conditions of
the 210303 coalface in the Cuimu colliery. The difference
of the HWFFZ in the Jurassic and Carboniferous Permian
coalfields was also analyzed.

Study Area

The Cuimu colliery is located northeast of Baoji City,
Shaanxi Province (Fig. 1a, b), which belongs to the Shaanxi
Yonglong Energy Development Limited Liability Co. The
coal mine uses a single-level shaft development; its produc-
tion capacity is 4.0 Mt/a and its anticipated service life is
66 years. From top to bottom, the stratigraphic succession
consists of Quaternary, Neogene, Cretaceous, and Jurassic
strata. Table 1 shows the aquifers and aquicludes in the study
area: the early Cretaceous pore phreatic aquifer of the Luohe
formation (Kll), the aquicludes of the middle Jurassic Yan’an
formation (J,”), the upper Pleistocene Malan loess (Q;™),
and the Pliocene Baode clay (sz). The main minable seam
is the no. 3, which belongs to the Jurassic Yan’an formation.

The strike and inclined length of the 210303 coalface is
792.5 km and 200 m, respectively (Fig. 1c). The coal seam
dip is sub-horizontal with a mining thickness of 8.2 m, at a
depth that ranges from 540 to 600 m. Two water inrush acci-
dents occurred during mining of the 210303 working face.
It was concluded that at least part of the water was derived
from the Cretaceous aquifer by analyzing the degree of min-
eralization of a water sample, which means that the HWFFZ
linked with the Cretaceous aquifer. However, according to
China’s eastern Carboniferous Permian mining experience,
the HWFFZ should not have reached the Cretaceous strata.
Therefore, we carried out the following research to determine
the HWFFZ in the Jurassic coalfield of northwestern China.

Methodology

In order to accurately determine the HWFFZ in northwest-
ern China’s Jurassic coalfield, an on-site test was carried
out using a television borehole wall imaging system with a
light source. Then, the HWFFZ was calculated based on the
theory of plates and shells (Xu 1982). Finally, the dynamic
development of the HWFFZ was simulated using RFPA soft-
ware (Tang 1997).

Borehole Video Camera Field Observation

We used the television borehole wall imaging system to
observe the fracture characteristics of the overlying strata
to judge the top boundary of the HWFFZ. The distance
between the G5 borehole and the open-off cut of the 210303
coalface is 539.93 m, and the G5 borehole is located at the
center of the inclined direction in the coalface (Fig. 1¢). The
G5 borehole was drilled from the ground surface down to the
underground coalface after the coal seam had been mined
for 2 months. The elevation of the borehole orifice and coal
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Fig. 1 Location of study area: a location of Shaanxi Province in China, b location of Cuimu Colliery in Shaanxi Province, ¢ 210303 Coalface of

Cuimu Colliery

Table 1 Stratigraphy of the

Strata Lithology Thickness/m
study area

System Series Formation

Quaternary ~ Upper Pleistocene ~ Malan (Q;™) Loess 80.10-160.00

Neogene Pliocene Baode (N, Sandy mudstone, clay 0-100.00

Cretaceous Early Cretaceous Luohe (K" Conglomerate, sandstone 241.89-362.00

Jurassic Middle Jurassic An’ding (J,%) Sandstone, mudstone 79.28-122.28
Zhiluo (J,%) Siltstone, sandstone, Mudstone 1.70-38.22
Yan’an (J,%) Sandstone, mudstone, Coal seam 30.30-82.30

seam floor is 1261.9 and 685 m, respectively. Therefore, the
buried depth of the coal seam is 576.9 m.

Mechanical Theory Calculation
Calculating Ultimate Deflection of Plate-Shaped Strata
Before mining, the natural stress of the rock surrounding the

coal seam is balanced. After mining, the abutment pressure of
the coalface can be divided into a stress invariant zone (I and
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I"), areduced stress zone (II), and an increased stress zone (I1I)
(Supplemental Fig. 1). Without considering the influence of
the broken angle of the overlying strata, we studied the strata
above the reduced stress zone. Based on large-scale longwall
mining practices in northwestern China, the overlying strata
thickness of the Jurassic coal seam is much less than the strike
length of the reduced stress zone of the coalface, such that the
ratio of the thickness of each overlying stratum and the strike
length of the reduced stress zone (a) is less than 1/5. There-
fore, each overlying stratum can be regarded as the rectangular
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Fig. 2 Mechanical model of a stratum: a overhead view, b A—A sec-
tion

thin plate with four clamped edges, allowing the thin plate
approach (Xu 1982) to be used. Figure 2 shows the thin plate
mechanical model of an overlying stratum.

In Fig. 2, the X and Y coordinate axes are made on the upper
surface of an overlying stratum along the strike and inclined
direction of the coalface; the point of intersection is O. The
lateral load on a stratum is composed of two parts. One part
is the weight of the overlying strata, yH, where y is the bulk
density of the overlying strata, KN/m® and H is the buried
depth of the overlying strata, m. The other part is the reduced
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edges is ¢ = yHx/a. The boundary conditions of the thin plate
mechanical model of the overlying strata are:
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It is supposed that the deflection function of the overlying
strata is represented by Eq. (2):

W = Z ZAmnxsin2<@>sin2<?>,
a

m=1 n=1

(@)

where m and n are positive integers. This deflection func-
tion satisfies the boundary conditions. The coefficient of
the deflection function A,,, can be calculated based on the
principle of minimum potential energy (Huang 1987), as
shown in Eq. (3):
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where a is the strike length of each overlying stratum and the
strike length of the reduced stress zone of the coalface, m; b
is the width of each overlying stratum, m; D is the bending

. . EI . .
stiffness of the thin plate, D = m; h; is the thickness of

a stratum, m; and u is the Poisson’s ratio of a stratum.
Hence, the deflection function of overlying strata is
shown in Eq. (4):
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stress zone caused by mining pressure, which can be simpli-
fied as a linear triangular load, g, =yH(I — x/a), where x is the
distance to the point O along the X coordinate axis. The lat-
eral total load on the rectangular thin plate with four clamped

Due to the rapid convergence of the series in Eq. (4), we
selected positive integers m=n=1 to simplify the calcula-
tion and we then proved that the results met the project’s
accuracy requirements. Therefore, the deflection function
is shown in Eq. (5):

&)
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The maximum deflection function of the plate-shaped
strata does not mean that the strata have failed. It is there-
fore necessary to calculate the ultimate deflection of the
plate-shaped strata. The thin rock plate limit span of the
strike and inclined length is a,, and b,,, respectively, and
depends on the physical and mechanical properties of the
strata, its thickness, load, and other factors. When ¢, > [o,],
the thin plate is broken. At this time, the a,,, b,, of the thin
plate size is the limiting size. The computational formula
derived based on the tensile strength is shown in Eq. (6)
(Huang 1987):

a,, = ab,, /b

) 6
b,, = \/oh?/(6kq) ©

where k is the shape coefficient of a thin plate, and

k = 0.00302(a/b)* — 0.03567(a/b)* + 0.13953(a/b) — 0.05859.

(N

Therefore, the ultimate deflection function of overlying
strata is shown in Eq. (8):
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Fig. 3 Numerical model

and simplification. The dynamic height of the fractured over-
lying strata in the 210303 working face was simulated based
on realistic failure process analysis (RFPA). Based on the
actual geological data, the length and height of the numeri-
cal model are 600 m (Fig. 3). The left and right boundaries
of the model are horizontally restricted, the upper bound-
ary is a free boundary, and the bottom boundary is fully
constrained. The model of the left and right boundary coal

(@)

Judging the HWFFZ

The free space formed after mining will be filled with the
collapsed overlying strata. The free space height can be
obtained from Eq. (9) if the HWFFZ has broken expansion
characteristics and the bending zone does not:

i-1

S, =M - Z hi(k; — 1), )

j=1

where S, is the free space height of the i layer stratum, m; M
is the mining thickness of a coal seam, m; hj is the thickness
of the j layer stratum, m; and k; is the broken expansion coef-
ficient of the j layer stratum. The HWFFZ depends on the
ultimate deflection of a stratum w,,,, and its lower free space
height, S;. If w;,,,,, <, the stratum will be broken, increasing
the HWFFZ. Otherwise, the height of WFFZ will be stable.

Numerical Simulation

This conceptual model was the basis of simulation analysis
and evaluation research (Liu et al. 2017). Based on a geo-
logical prototype, the engineering geology conceptual model
(Supplemental Fig. 2) was established by rational abstraction

@ Springer

pillar is 200 m. Step by step excavation was carried out in
the model. The distance of each cut and the total excavation
was 10 and 300 m, respectively.

Results
Borehole Video Camera Field Observation

Video camera images of the G5 borehole are shown in
Fig. 6. When the borehole television observation depth
reached 321.06 m, ring-like horizontal bed-separations
occurred (Fig. 4a), but no water flowed through them, due
to uneven subsidence caused by the different rock mechan-
ics properties in the Luohe formation. As the observation
depth continued to increase, vertical fractures first appeared
at 378.38 m (Fig. 4b), showing water conductivity. Subse-
quently, the density of the vertical fractures increased with
depth (Fig. 4c). Hence, 378.38 m was judged as the top
boundary of the HWFFZ. The HWFFZ was calculated by:

Hy=H-M-G+W (10)

where H;; is HWFFZ, m; H is the vertical depth between
the borehole orifice and coal seam floor, m; M is the mining
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Fig. 4 Video camera images: a ringlike horizontal fracture, b first vertical fracture, ¢ fractured zone

thickness, m; G is the vertical depth between the top bound-
ary of the HWFFZ and borehole orifice, m; and W is the
compression value of the fracture zone during drilling, m.
Based on drilling experience, W was taken as 0.2 m. After
calculation, H; = 190.51 m.

Mechanical Theory Calculation

Based on the drilling core test, the physical and mechanical
parameters of the overlying strata in the 210303 coalface are
shown in Supplemental Table 1. The theoretical calculation
of the HWFFZ was carried according to the above calcula-
tion method. Based on the experiment and field test, the
broken expansion coefficient of the mudstone and sandstone
were 1.035 and 1.030, respectively.

Taking the overlying 2nd coarse-grained sandstone stra-
tum as an example, the physical and mechanical parameters
of the 2nd stratum are: =200 m, =200 m, 5,=1.02 MPa,
y=21.9 KN/m?, E=7840 MPa, H=572.1 m, h;=4.34 m,
and p=0.25. First, the free space height of the second stra-
tum was calculated based on Eq. (9):

S, =82-21x%(1.035-1)=28.1265m.

Then, the ultimate deflection of the 2nd stratum ®;,,
was calculated based on Eq. (8). The surface map of this
deflection function was obtained using MathCAD soft-
ware (Ji 2002), as shown in Fig. 5. In Fig. 5, the maximum

ultimate deflection of the second stratum is 0.21 m, i.e.
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Fig. 5 Surface map of ultimate deflection function of the second
layer

@)y =0.21 <85, =8.1265 m. So, the second stratum was
destroyed (Supplemental Table 1). Other strata were simi-
larly calculated; the failure state is shown in Supplemental
Table 1. Eventually, it was concluded that the HWFFZ was
189.7 m and the ratio of the HWFFZ and mining thickness

was 23.13:1.

Numerical Simulation

The HWFFZ dynamic development process is shown in
Fig. 6. The first caving of the immediate roof occurred when
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Saddle-shaped

Fig. 6 Height of the WFFZ as mining: a advancing 30 m, b advancing 45 m, ¢ advancing 65 m, d advancing 200 m

the coalface advanced to 30 m. When the excavation was
45 m, the basic roof began to collapse, forming the first
weighting. At that time, the HWFFZ was 18 m (Fig. 6b).
The first periodic weighting happened when the coalface
advanced to 60 m, and the HWFFZ was 84.1 m (Fig. 6¢).
As the coalface advanced, the HWFFZ increased gradu-
ally. When the coalface advanced to 170 m, the maximum
HWFFZ was 192.1 m. Subsequently, the HWFFZ no longer
increased, but the scope of the HWFFZ gradually increased.
At the end of mining, the HWFFZ was still 192.1 m and its
developmental morphology was saddle-shaped. In addition,
bed-separation fissures appeared in the Cretaceous Luohe
formation (Fig. 6d). To ensure mine safety, the final HWFFZ
was 192.1 m, based on the field measurements, theoretical
analysis, and numerical simulation.

Discussion

The revival of Silk Road will demand more coal resources,
posing a great deal of pressure on groundwater and mine

@ Springer

safety in northwestern China (Li et al. 2015, 2017). The ratio
of the HWFFZ and the mining thickness of the Jurassic coal
seam in northwestern China ranges from 20 to 28, which is
very different than that of the Carboniferous Permian coal
seam in mid-eastern China, where it ranges from 10 to 15
(Li et al. 2000a, b, 2012). Miao et al. (2011) simulated the
height of the water-conducting fractured zone in undermined
rock strata of the Bulianta Coal Mine and illustrated the con-
spicuous discrepancy of the height of the water-conducting
fractured zone predicted by the traditional method from that
actually observed. Xu et al. (2009) proposed that the primary
key stratum plays an important role in controlling the HWFFZ.
This paper analyzed the abnormality of the HWFFZ from two
aspects: the inapplicability of the traditional empirical formula
and the difference of the overlying strata structure between the
Jurassic and the Carboniferous Permian coalfields.

Inapplicability of Traditional Empirical Formula

The traditional HWFFZ empirical formula was proposed by
Liu Tianquan in the early 1980s based on regression statistical
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analysis of data from mid-eastern China’s Carboniferous Per-
mian coalfield (State Administration of Work Safety 2009).
The traditional empirical formula shown in Eq. (11) is based
on the overlying strata strength of the 210303 coalface, fol-
lowing the method described by the National Bureau of Coal
Industry of China (2000):

100 M

= ——— +56.
16X M+36 (b

The calculated height of the HWFFZ is 54.64 m, based on
a mining thickness of 8.2 m, which is obviously less than the
above determined results. This is because in the early 1980s,
mining thickness was less than 3 m, mining was conducted
by blasting or conventional mining, and the inclined length
of the coalface was less than 120 m in the Carboniferous
Permian coalfield. However, in the Jurassic coalfield, the
mining thickness is greater, the mining is totally mecha-
nized, and the inclined length of the coalface exceeds 180 m.
Therefore, the traditional empirical formula is not applicable
to northwestern China’s Jurassic coalfield.

Comparing Overlying Strata Structure Characteristics

The deformation and failure of overlying strata is related to
the structural characteristics of the overburden strata. Fig-
ure 7 compares the structural characteristics of the overlying
strata of the Jurassic and Carboniferous Permian coalfields.
Tectonic movement has little influence on the overlying
strata of the Jurassic coal seam; the rock mass integrity is
good and there are only compact, nearly-horizontal bedding
joints with good continuity, and no vertical joints (Fig. 7a).
However, the tectonic movement has strong influence on the
overlying strata of the Carboniferous Permian coal seam in
northwestern China, forming a series of bedding surface,
joints 1 and joints 2 in the coal-bearing strata, which present

block or cataclastic structure with poor integrity of overlying
strata, as shown in Fig. 7b.

The rock quality designation (RQD) is the ratio between
the length of a drill core (at least 10 cm long) and the drill-
ing depth. The higher the RQD, the better the rock integrity.
Based on drilling cores of strata unaffected by mining, sta-
tistics suggest that the RQD of strata overlying the Juras-
sic coal seam generally exceeds 90% (Supplemental Fig. 3,
Shilawusu Colliery sky3 drill, Inner Mongolia), while the
RQD value of the Carboniferous Permian coal overburden
is about 40% (Supplemental Fig. 4, Yangliu Colliery R414-3
drill, An’hui). According to “Specification for hydrogeo-
logical engineering geological exploration in a mining
area” (State Bureau of Technical Supervision 1991), when
the RQD is between 90 and 100%, the rock mass has good
integrity; when it is between 25 and 50%, the rock mass has
poor integrity. Therefore, the Jurassic coal overburden strata
are relatively study, while the Carboniferous Permian coal
overburden strata consist of structural blocks.

Classifying Overlying Strata Structure of the Jurassic
Coal Seam

Fully understanding the differences between the overlying
strata structure of the two coalfields can greatly improve
the accuracy of strata deformation failure analysis. Based
on geological mapping, in-mine observations, and an in situ
test, we divided the overlying strata of the Jurassic coal-
field into two types: an integrated structure and a layered
structure.

(1) Integrated Structure
The integrated structure mainly refers to the sandstone of

the Yan’an and Zhiluo formations, but also includes the
relatively thick siltstone with calcareous cementation. The

“Bedding 4
Surface |

Fig. 7 Structure characteristics of overlying strata between the Jurassic and Carboniferous Permian coal seam: a typical integral structure in
Jurassic coalfield, b typical block structure in Carboniferous Permian coalfield
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layered overlying strata are thick and most of the individual
strata contain very thick bedding. In addition, the structural
plane is mainly layered joints, mostly closed, and its spac-
ing generally exceeds 2.0 m, meeting the requirements of
fracture surface spacing greater than 1.5 m per the “Code
for Geotechnical Investigation” (Ministry of Construction of
the PRC and General Administration of Quality Supervision,
Inspection and Quarantine of the PRC 2009). The integrated
structure appears mostly in the basic roof of the coal, and is
arelatively good rock mass with high integrity and stability.

(2) Layered Structure

The layered structure is typically a thin or moderately thick
layer, intercalated with mudstone, coal, carbonaceous mud-
stone, and other weak interlayers and locally sandwiched
by moderately thick sandstone and siltstone. The structure
is characterized by many-layered, alternating soft and hard
strata and is generally cuboid and tabular due to the influ-
ence of various structural planes. The layered structure is
relatively impermeable, but is vulnerable to softening by
groundwater, disintegration, segregation etc. The structural
instability is mainly due to bed separation or slippage along
the slip surface after mining.

Based on an analysis of the overlying rock’s structural
characteristics, the mechanical theory research of the
HWFFZ in the Jurassic coalfield is more geared to plates
and shells methodology, further verifying the reliability
and accuracy of the mechanical theory calculation above.
In other areas of the world, judgments should be based on
local geological conditions, rather than relying solely on
conventional rules or an empirical formula. Thus, a specific
research approach based on the local geological conditions
must be used to address specific issues and provide a scien-
tific design basis for safe mining.

Conclusions

On-site measurements, theoretical analyses, and a numeri-
cal simulation were used to determine the HWFFZ in the
210303 coalface of the Cuimu colliery, and the inapplica-
bility of traditional empirical formulas and the difference of
overlying strata structure between the Jurassic and Carbon-
iferous Permian coalfields were considered. The research
findings are as follows:

1. Based on our understanding of large-scale long wall
coalface mining in northwestern China, we simplified
the overlying strata of the coalface’s decreasing stress
zone as four clamped rectangular plates, deriving the
formula for calculating the HWFFZ by comparing the
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value of the ultimate deflection of the thin plate and the
height of the free space in the lower part of the strata.

2. Based on on-site measurements, theoretical analyses,
and numerical simulation, the designated HWFFZ was
190.51, 189.7, or 192.1 m, respectively. To ensure safe
mining, the HWFFZ was set at 192.1 m.

3. Based on the inapplicability of the traditional empirical
formula, the HWFFZ was analyzed from two aspects:
the inapplicability of the traditional empirical formula
and the different overlying strata structure of the Juras-
sic and the Carboniferous Permian coalfields. Then
the overlying strata structure in Jurassic coalfield was
divided into layered structure and integrated structure.

This research documents how the HWFFZ can be deter-
mined in similar coal mines and how, in the future, all meth-
ods should be based on a site’s engineering geological con-
ditions. In addition, the corresponding empirical formulas
should be derived based on the observed data and the local
geological conditions, which can provide a scientific design
basis for safe mining.
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