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Widely distributed in North China, Ordovician karst is characterized by having high thickness, nonuniform aquosity, and
significant water pressure-bearing properties. Deep mining in North China is threatened by associated water hazards; hence,
research on the hydrogeological characteristics of deep Ordovician karst is needed. In this study, the Weibei coalfield in Shaanxi
Province, China, was selected as the study area, especially mines in the Hancheng and Chenghe mining areas. In situ
experiments, including water pumping, water drainage, water injecting and water pressure, and laboratory experiments, were
conducted to study the hydrogeological characteristics of the Ordovician karst top in the study area. A comprehensive analysis
was conducted on controlling factors for the development of the Ordovician karst top in the study area, and a method for
evaluating the water inrush risk in coal mining areas based on karst hydrogeological characteristics was proposed. The research
results indicated that the Ordovician karst top in the study area was characterized by heterogeneity, vertical zonation, and
partially filled properties, which were mainly controlled by two factors: sedimentation and tectonism. The hydrogeological
conditions of the Ordovician karst could be divided into three types: nonfilled and nonsignificant tectonism, filled and
nonsignificant tectonism, and significant tectonism. Among them, the filled and nonsignificant tectonism type Ordovician karst
top type had a filling thickness of 20m. Based on karst hydrogeological characteristics, the methods were proposed to evaluate
the water inrush risk in the coal mining floor. The practical tests verified the methods.

1. Introduction

North China is rich in coal resources, but coal mining is
threatened by underlying confined water due to huge
water-bearing karst systems under coal seams [1–3]. In par-
ticular, with the deep extension of coal mining in North
China, the aquiclude between coal seams and karst aquifers
becomes progressively thinner, causing more water inrush
accidents occurring in the karst aquifer in coal mines [4–6].
Therefore, it is of great theoretical and practical significance
to evaluate the threat of karst aquifers to coal mining.

It is very difficult to study the hydrological characteristics
of deep karst, although there have been abundant relevant
studies [7]. The main research methods include geophysical
exploration, hydrogeochemical exploration, drilling engi-
neering, and supporting hydrological experiments [8–13].
In particular, abundant hydrogeological information can be
obtained by carrying out in situ hydrological tests inside
boreholes, so this is considered to be a primary method for
studying karst hydrogeological characteristics in deep strata
[14]. Through exploration by various means, a large number
of researchers have found that in Ordovician karst tops in
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North China, there generally exists a relatively waterproof
filling zone, which can be a favorable geological condition
for mining above the confined coal seam water body (Ordovi-
cian karst water) [15]. However, the development characteris-
tics and controlling factors of the filling zone are unclear, and
there is still no systematic study evaluating the floor water
inrush risk during mining under pressure [15–17].

Therefore, many experts and engineers have carried out
research on the threat of karst aquifer to coal mining [18–
20]. The researchmethods include the GIS evaluationmethod,
numerical simulation evaluation method, and water inrush
coefficient theory evaluationmethod. First, due to the diversity
of factors affecting water inrush, the GIS evaluation method
has attracted researchers’ attention. Based on the GIS system,
Wu et al. [21–24] had proposed several vulnerability methods
to evaluate the water inrush with coal mining. Vulnerability
assessments have been successfully applied worldwide, which
can integrate multiple factors and assign a weight to each
factor according to its importance [25–27]. Based on the GIS
system, Chen et al. [28] used three methods to evaluate the
water resources in the coal mine area. Zhao used the random
forest method to predict the risk of water inrush in the
Panjiayao coal mine [29]. Second, the numerical simulation
technology is more effective for the water inrush evaluation
of a single coal mining face, so there are a large number of
experts carrying out research using numerical simulation. Lu
and Wang evaluated the influence of confined aquifer on coal
mining by numerical simulation [30]. Zhang et al. studied the
evolution of water inrush from the floor under fault condition
by numerical simulation [31]. Yin et al. simulated the water
seepage of deep mining in China [32]. Yao et al. established
a numerical model to simulate the water inrush in theWuyang
coal mine [33]. Third, engineers prefer to use the simple water
inrush coefficient method, although the accuracy of this
method is slightly poorer [34]. In order to improve the accu-
racy of the water inrush coefficient, many experts had made
further research on mining geology and hydrogeology. Wu
et al., combining the theory of the water inrush coefficient,
proposed the “three maps two predictions” method [35].
The theory of the water inrush coefficient had been further
optimized by Qiao et al. in combination with the water-
bearing coefficient, and the accuracy was improved [36].

In this paper, due to the different types of karst in deep
strata, various hydrological tests inside boreholes were con-
ducted on the ground and under the coal mine, including
water pressure, water pumping, water injecting, and water
drainage experiments. These results along with in-
laboratory dissolution experiments were used to study the
hydrogeological characteristics of Ordovician karst in deep
strata. In combination with the water inrush coefficient the-
ory, the threat of karst water to coal mining was evaluated.
The above studies provide key geological information for
mining coal above karst confined water.

2. Study Area

2.1. Scope of Study Area. TheWeibei coalfield is located in the
middle of Shaanxi Province, China, and north of Weihe
River, including several mining areas: Tongchuan, Pubai,

Chenghe, and Hancheng (as shown in Figure 1). The Ordovi-
cian strata in the Weibei coalfield are all composed of karst.
With respect to burial conditions, Tongchuan and Pubai
mining areas are shallow recharge areas while Chenghe and
Hancheng mining areas are deep, and the burial depth of
karst is generally greater than 600m. In this study, Chenghe
and Hancheng mining areas were selected as the study areas,
and the karst top hydrological characteristics in the study
area were the study objects.

2.2. Hydrogeological Conditions. The main strata from new to
old in the study area were the Cenozoic unconsolidated stra-
tum, upper Permian stratum, lower Permian stratum, upper
Carboniferous stratum, middle Carboniferous stratum, mid-
dle Ordovician stratum, and lower Ordovician stratum. In
this study, the main study objects (from top to bottom: coal
seam-aquiclude-karst water-bearing stratum) had the follow-
ing geological characteristics:

(1) Coal seam: upper Carboniferous strata mainly con-
sisted of minable coal seams labeled 2#, 3#, 5#, 10#,
and 11#. Among them, coal seam 5# (with a thickness
of 3-4m) in the Chenghe mining area and coal seam
11# (with a thickness of 2-5m) were the most deeply
located in minable coal seams in their corresponding
areas. Because they are the most threatened by the
underlying Ordovician karst confined water, the
two seams were selected for evaluation

(2) Aquiclude: there was high stratigraphic incomplete-
ness between the target coal seams to be evaluated
and the water-bearing karst stratum. In its forming
period, the whole of North China was uplifted and
suffered weathering and denudation. Therefore,
aquiclude thickness mainly ranged from 15 to 30m,
the smallest in North China [37]. The aquiclude also
underwent many tectonic changes with different
properties, modes, and directions, generating
destruction on different scales

(3) Karst aquifer: from new to old, the middle Ordovician
karst strata consisted of Section 2 of the Fengfeng
Formation, Section 1 of the Fengfeng Formation,
Section 2 of the Upper Majiagou Formation, Section
1 of the Upper Majiagou Formation, Section 2 of the
Lower Majiagou Formation, and Section 1 of the
Lower Majiagou Formation. The Chenghe mining
area suffers less weathering and denudation. The latest
stratum of the middle Ordovician was Section 2 of the
Fengfeng Formation, which was composed of
medium-thick bedded pure limestone with an average
thickness of 160m, and the water pressure on the
aquiclude was 0.6-3MPa. The Hancheng mining area
suffered more weathering and denudation. The latest
stratum of the middle Ordovician was Section 1 of
the Fengfeng Formation, which was composed of
argillaceous limestone and argillaceous dolomite. The
number of argillaceous layers accounted for over
55%, the average thickness was 100m, and the water
pressure acting on the aquiclude was 0.5-2.8MPa
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2.3. Water Inrush Hazard to Coal Mining in the Study Area.
As shown in Figure 2, the floor rock stratum has been dam-
aged by coal mining stress and the remaining aquiclude
cannot bear the hydrostatic pressure of karst confined water,
leading to water inrush. Such water inrush is more likely to
happen in areas with developed structure. In the two studied
mining areas, water inrush phenomena at different scales
occurred more than 20 times. Water inrush accidents
occurred the most in the Chenghe mining area, accounting
for 92%, with water inflow generally exceeding 1000m3/h
each time. In the Hancheng mining area, water inrush acci-
dents occurred less often and many signs of tectonic develop-
ment have been traced in the areas where water inrush
occurred, such as fault development and column collapse.
There is a remarkable divergence in water inrush accidents
between the two mining areas with similar conditions, so it
is necessary to perform comparative testing on the water-
bearing karst stratum. Therefore, a series of borehole hydro-
logical experiments and sampling tests were carried out.

3. Methods

3.1. Route of Technical Study. The study route is shown in
Figure 3. Studies evaluating the water inrush risk of deep
karst in coal mining areas involve two aspects. The first is
to study deep karst top hydrogeological characteristics and
the corresponding controlling factors, and the second is to
study how to evaluate water inrush risk under different karst
hydrogeological types. The hydrogeological characteristics of
karst form the research foundation, and classified risk evalu-
ation for water inrush makes up the engineering application.

In terms of karst hydrogeological characteristics, corre-
sponding hydrological in situ tests were first carried out
according to different borehole exposure conditions, with
the specific research schemes shown in Figure 3(a). Then,

by sampling, a laboratory dissolution experiment was carried
out, with the specific experimental study schemes shown in
Figure 3(b). Lastly, in situ and laboratory experiments were
combined to analyze the factors controlling karst develop-
ment in Ordovician karst top, with the specific research
schemes shown in Figure 3(c). Based on classification of
Ordovician karst top development trends, methods for
evaluating water inrush risk in mining under pressure were
studied and practiced, with the specific schemes shown in
Figure 3(d).

3.2. Classification of In Situ Test Methods. To investigate the
hydrological characteristics of Ordovician karst top in the
study area, four in situ test methods were used: water pump-
ing, water drainage, water injecting, and water pressure
experiments. The four test methods had the following appli-
cable conditions and functions (shown in Figure 4):

(1) In situ water pumping experiment: the water pump-
ing experiment was mainly applied where there was
a large amount of water in karst strata, which was
the test conducted in surface boreholes. Because the
karst strata water level was below ground level, the
hydrological characteristics could only be studied by
pumping. Because the karst strata contained water,
it usually had better recharge conditions and it was
difficult to cause a huge drop in water level through
pumping. Therefore, pumping reflected the hydro-
geological characteristics in small-ranged karst strata.

(2) In situ water drainage experiment: the water drainage
experiment was also applicable when there was a
large amount of water in karst strata but was con-
ducted in the borehole under the coal mine. Because
the karst stratum water level was higher than the
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Figure 1: Boundary of research area.
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elevation under the coal mine, the hydrological char-
acteristics of karst strata could be studied by draining
off water without using a water pump. Because no
water pump was involved, according to the Bernoulli
equation, all water pressure energy could be trans-
formed into water kinetic energy, and draining water
caused a large drop in water level. Therefore, the
water drainage experiment reflected the hydrological
characteristics in large-ranged karst strata.

(3) In situ water injecting experiment: the water injecting
experiment was mainly applicable where there was
little water in karst strata and could be conducted in
the ground-level boreholes or under drill wells. There
was no water in karst strata, but cracks and karst

caves may have been present so the experiment was
needed. The water injecting experiment was usually
carried out using conventional borehole segmenta-
tion under low hydrostatic pressure, and the range
of water seepage was limited. Therefore, the water
injecting experiment reflected the hydrological char-
acteristics in small-ranged karst strata.

(4) In situ water pressurizing experiment: the water pres-
surizing experiment was mainly applicable when
there was little water in karst strata, which could be
conducted in the surface boreholes or boreholes
under coal mines. There was no water in karst strata,
but there may have been cracks and karst caves.
Therefore, a hydrological experiment was needed.
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Figure 2: Schematic diagram of water inrush from coal mining floor.
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The water pressurizing experiment was usually
carried out through directional borehole segments
under high hydrostatic pressure, which could be used
to test the hydrological characteristics in larger-
ranged karst strata.

3.3. In Situ Test Method

3.3.1. Water Pumping Experiment. The water pumping
experiment was carried out in the Dongjiahe coal mine in
the Chenghe mining area (as shown in Figure 1), and the
steady-flow pumping experiment on a single-hole completely
penetrating well was carried out on a total of eight boreholes:
A1, S, H3, H4, H5, H6, H7, and H8. The stratum location for
the water pumping experiment was Section 2 of the Fengfeng
Formation. The steps were as follows: (1) drill vertical down-
ward borehole on the ground surface, with a diameter ϕ of
300mm and a deflection ≤3°; (2) drill to 15m below 5# coal
seam, set casing with a diameter of ϕ = 245mm, and shut
off water from the above aquifer; (3) maintaining the bore-
hole diameter range of 91-168mm, drill borehole to 0-5m
below the bottom floor of Section 2 of the Fengfeng Forma-
tion and apply concrete to seal the stratum positions below
the bottom floor; and (4)after flushing the well, pump water
at three different constant flowrates, including Q1, Q2, and
Q3, and observe the hydrological changes in the borehole.

3.3.2. Water Drainage Experiment. The water drainage
experiment was carried out in the Quanjiahe coal mine in
the Chenghe mining area (as shown in Figure 1), and 10
vertical downward boreholes were drilled in total. Four were
drainage holes (H1, H2, H3, and H4), which were concen-
trated in the same drilling site (Figure 5), and six were obser-
vation holes (G1, G2, G3, G4, G5, and G6), which were
dispersed at different positions (Figure 5). All borehole dril-
ling was carried out under the coal mine, and drilling was
stopped before reaching Section 2 of the Fengfeng Forma-

tion. On the strata above Section 2, casing pipes for stopping
water were embedded, and filter tubes were embedded in
Section 2.

(1) Before the water drainage experiment was carried
out, water samples from six observation holes were
obtained, and a simple analysis on water quality was
conducted

(2) In the first stage of the water drainage experiment, all
water draining holes were opened to the maximum
flowrate and drain water off for 1 day. The observed
maximum drainage intensity was 1145m3/h. Then,
the drainage-hole valve was shut for 2 days, allowing
the water level in all boreholes to recover to the natu-
ral water level

(3) In the second stage of water drainage experiment,
four water draining holes were opened simulta-
neously, with the total water drainage volume set to
1000m3/h. After 6-day water drainage, the water
levels in all observation holes stabilized. Then, all
the water drainage holes were shut at the same time,
and the water level in the observation holes was
observed. The total observation time for the water
level recovery stage was four days

3.3.3. Water Injecting Experiment. The water injecting exper-
iment was carried out in the Magouqu coal mine in the
Hancheng mining area (as shown in Figure 1), and in total,
15 vertical downward boreholes were drilled. Borehole
drilling stopped at the bottom interface of Section 1 of the
Fengfeng Formation, and after drilling was completed, well
flushing was carried out to keep the boreholes clean.

The water injecting experiment was divided into four sec-
tions. The first section was from the bottom floor of 11# coal
seam to the Ordovician karst top, the second was within 20m
below the upper interface of the Ordovician karst, the third
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Figure 4: Schematic diagram of four kinds of hydrological in situ experiments.
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was within 30m below the bottom of the second section, and
the fourth was from the bottom of the third section to the
bottom of the borehole. When each section was carried out,
a packer was used to separate other water injecting sections
for conducting tests.

In water injecting experiment, the water injection level of
each section was 10m higher than the top surface. The water
level was kept stable for 3 h through real-time supply, and the
total water supply volumeQz was observed. The unit water
absorption w for each section was calculated using the
following formula:

w =
Qz

180 Pz × Lð Þ ð1Þ

where Pz denotes the head height, with units in m; L denotes
the section length, with units in m.

3.3.4. Water Pressure Experiment. The water pressure exper-
iment was carried out in the Sangshuping coal mine in the
Hancheng mining area (as shown in Figure 1), and 14 direc-
tional boreholes were drilled in total: 1-1, 1-2, 1-3, 1-4, 2-1, 2-
2, 2-3, A-1, A-2, A-3, B-1, B-2, C-1, and C-2 (as shown in
Figure 6). Directional drilling started from the bottom floor
of 11# coal seam, and the borehole whipstock section was
the aquiclude between 11# coal seam and the Ordovician
karst. After reaching 0-20m from Section 1 of the Fengfeng
Formation, borehole drilling shifted to horizontal drilling,
with a borehole length of 315-718m. Casing pipes were
set in the whipstock section for stopping water, and the
water pressure experiment was carried out on the horizon-
tal section.

The water pressure experiment was carried out after
boreholes were formed, and the test section was the drilled
horizontal section. A pressure of 1MPa was applied to the
horizontal section, water pressure was maintained for 1 h,
and the total water supply volume Q′ was observed. The unit

water absorption w of each section was calculated according
to the following formula:

w = Q′
60 P′ × L′
� � ð2Þ

where P′ denotes the water head height, with units in m; L′
denotes section length, with units in m.

3.4. Laboratory Experiment

3.4.1. Experimental Process. Through drilling boreholes, rock
specimens were taken from Sections 1 and 2 of the Fengfeng
Formation fromHancheng and Chenghe mining areas. Spec-
imens taken from the Hancheng mining area were marlstone,
and those from Chenghe mining area were limestone.

Dissolution experiments were carried out on the two
types of rock specimens under normal temperature and pres-
sure. The experimental steps were as follows:

(1) Process specimens into complete cuboids of 5mm
× 10mm × 40mm and those broken in the middle
of 5mm × 10mm × ð20mm + 20mmÞ. There are 4
specimens of each lithology and dimension, totaling
16 specimens

(2) Wash the specimens with distilled water, place them
in the drying oven and weigh them, and measure
their volume

(3) After soaking specimens in distilled water for a
period of time at room temperature, carry out the
dissolution experiment

(4) Prepare carbonated water (distilled water+CO2) and
control pH within 5:5 ± 0:1

(5) Place the rock specimens in the carbonated water and
hang them in the middle of the bottle for carrying out
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Figure 5: Plane figure of water drainage experiment.
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dissolution-erosion experiments. Each dissolution
experiment lasts 12 h

(6) Discharge the dissolution solution after the water-
rock reaction from the solution pipe and collect the
dissolution solution daily. Take 50mL of dissolution
solution obtained on the 3rd day (the study shows
that the dissolution rate tends to be stable after the
2nd day) and measure dissolved CaCO3 and MgCO3

(7) After the experiment, dry the specimens again in the
drying oven and weigh them

3.4.2. Calculation of Experimental Results. In the experimen-
tal results, the formulas for calculating specific solubility Kcv,
specific dissolution Kv, and the total physically crushed
capacity Kn are as follows:

(1) Specific solubility:

Kcv =
C1 + C2ð Þ/V

C1 ′ + C2 ′
� �

/V ′
ð3Þ

(2) Specific dissolution:

Kv =
m0 −m1ð Þ/V

m0 ′ −m1 ′
� �

/V ′
ð4Þ

(3) Physically crushed capacity:

Kn = m0 −m1ð Þ − C1 + C2ð Þ½ � ð5Þ

where C1 denotes the dissolved quantity of CaCO3 in
specimens, with units in mg; C1 ′ denotes the mean
dissolved quantity of CaCO3 in standard specimens,
with units in mg; C2 denotes the dissolved quantity
of MgCO3 in specimens, with units in mg; C2 ′
denotes the mean dissolved quantity of MgCO3 in
standard specimens, with units in mg; m0 denotes
the specimen mass before dissolution, with units in
mg; m1 denotes the specimen mass after dissolution,

with units in mg;m0 ′ denotes the mean mass of stan-
dard specimens before dissolution, with units in mg;
m1 ′ denotes the mean mass of standard specimens
after dissolution, with units in mg; ms denotes the
dissolved quantity of specimens; V denotes the vol-
ume of specimens, with units in cm3; and V ′ denotes
the mean volume of standard specimens, with units
in cm3.

4. Results and Discussion

4.1. Results of the Water Pumping Experiment and Analysis.
Q‐S curves were drawn according to the water pumping
experiment results, which showed that all curves for the eight
boreholes were approximately linear (as shown in Figure 7).
The permeability coefficient was calculated according to the
formula for steady flow of a well with complete confined
water, and the pumping capacity at the drawdown of 10m
was taken from theQ‐S curve or the water-bearing coefficient
q. The results are shown in Figure 8. As can be seen, the per-
meability coefficient of the aquifer in the water pumping
experiment ranged from 0.245 to 12.21m/d, and q ranged
from 0.14 to 2.46L/s·m. The results indicate that the
Ordovician karst top in the deep part of the Dongjiahe coal
mine in the Chenghe mining area had strong heterogeneity
and the aquifer had good recharging capability. During the
water pumping experiment on the S4 borehole, the water level
in the borehole decreased from +355m to +321m, and after
keeping the water level stable for 10 hours, the karst water level
in the main inclined shaft 36m away from the borehole was
still +355m, indicating that the water pumping experiment
provided hydrological information around one point, whereas
the regional geological conditions were very complicated and
could not be identified through the water pumping test.

4.2. Results of the Water Drainage Experiment and Analysis.
After drainage holes were closed, the time t for water level
recovery in each observation hole was different. According
to W, the distance between observation holes and drainage
holes, the hydraulic transmission velocity along different
directions as calculated through V =W/t, and the results
are shown in Figure 9. In combination with Figure 5, it can
be found that there were significant differences between the
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hydrological characteristics of the top of deep Ordovician
karst strata in the Quanjiahe coal mine in the Chenghe
mining area, and the hydraulic transmission velocities along
corresponding six directions of observation holes ranged
from 49.7 to 520.9m/min. In addition, according to previous
monographic studies, the F2 fault can transmit water while

the F1 fault cannot. The hydraulic transmission speed in
the direction perpendicular to the water-conducting fault
was the highest, speed in the direction perpendicular to the
nonconducting fault was the lowest, and speed in other
directions was in between these two. This indicated that
structures played a significant role in controlling the
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hydrological characteristics of karst. In addition, according to
the simple analysis of water quality in Figure 10, the content
of erosive CO2 near the conducting fault increased, whereas
the mineralization around the nonconducting fault was high,
which also revealed the significant effects of structures on
karst development.

4.3. Results of the Water Injecting Experiment and Analysis

(1) The first experimental section: in the first experimen-
tal section, bauxite mudstone played a dominant role,
along with sandy mudstone. They were mostly aqui-
clude. The unit water absorption of the section
ranged from 0 to 0.0009 L/min.m.m, mostly concen-
trated in the range of 0.0001-0.0009 L/min.m.m and
accounting for 47% of the total absorption capacity.
It can be seen from the data on unit water absorption
that in the experimental area, the region from the 11#
coal seam to top surface of Ordovician karst was inte-
gral aquiclude.

(2) The second experimental section: in the second exper-
imental section, marlstone played a dominant role,
with breccia limestone, argillaceous limestone, dolo-

mitic limestone, limestone, and marlstone, alternat-
ing with each other. The unit water absorption for
the second water-injected section ranged from 0 to
0.001 L/min.m.m, mostly in the range of 0.0001-
0.0005 L/min.m.m and accounting for 53% of the
total quantity. It can be seen from the unit water
absorption that in the experimental area, the region
20m below the top surface of Ordovician karst
belonged to a relative aquiclude.

(3) The third experimental section: the lithology of the
third experimental section was similar to that of the
second and was also dominated by marlstone, associ-
ated with alternating breccia limestone, argillaceous
limestone, dolomitic limestone, limestone, and
marlstone. The unit water absorption for the third
experimental section ranged from 0.0000311 to 0.2
L/min.m.m. The region from the exposed place of
borehole injection to 30m below the top surface of
Ordovician karst was relative aquiclude, but there
was a certain amount of water in some parts.

(4) The fourth experimental section: the lithology of the
fourth experimental section is similar to that of the
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third, also dominated by marlstone, with alternating
breccia limestone, argillaceous limestone, dolomitic
limestone, limestone, and marlstone. The unit water

absorption ranged from 0.0001 to 0.2 L/min.m.m.
The region in the range of Section 1 of the Fengfeng
Formation from the water injecting borehole to the
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top surface of Ordovician karst belonged to the rela-
tive aquiclude, but there was a certain amount of
water in some local areas.

The water injecting experiment demonstrated that in
Section 1 of the Fengfeng Formation in the Hancheng mining
area, karst development was poor, but some regions had
water-containing characteristics and along the vertical direc-
tion, some changes occurred. There was no significant water
content in the range of 20m below the top surface of Ordovi-
cian karst, which were fully used as aquiclude.

4.4. Results of the Water Pressure Experiment and Analysis.
For the Sangshuping coal mine in the Hancheng mining area,
the water pressure experiment was conducted after direc-
tional drilling was applied to expose the Ordovician karst
top, with results shown in Figure 11. The results show that
a karst horizontal plane was not well developed in the top
section of Ordovician karst in the Hancheng mining area,
demonstrating filling characteristic, i.e., karst with limited
development was filled by weathering products.

4.5. Comparative Analysis of In Situ Test Results and
Qualitative Conclusions. The qualitative understanding of
hydrogeological conditions in Section 2.3 and the quantita-
tive hydrogeological test results in Sections 4.1–4.5 had been
compared. The comparison results are shown in Table 1, and
the improvement and verification of the relative comparative
qualitative conclusions of in situ experiments are as follows:

(1) Qualitative conclusion 1: there are many times of
water inrush in the Chenghe mining area. Q‐S curves
for the eight boreholes were approximately linear,
and the permeability coefficient of the aquifer in the
water pumping experiment ranged from 0.245 to
12.21m/d. The results of in situ experiments verify
the qualitative conclusion.

(2) Qualitative conclusion 2: there are few times of water
inrush in the Hancheng mining area. The unit water
absorption measured by water injecting experiment
and water pressure experiment was less than 0.001
L/min.m.m. The results of in situ experiments verify
the qualitative conclusion.

(3) Qualitative conclusion 3: the flow of water inrush in
the Chenghe mining area is large. The influence
radius of the water pumping experiment is smaller
than that of the water drainage experiment, so the
correlation between water inrush flow and water
drainage experiment results is higher. The water
drainage experiment showed that the hydraulic
transmission speed of the aquifer is 49.7-
520.9m/min, which indicates that the Ordovician
limestone in the Chenghe mining area had a good
hydraulic connection. The qualitative conclusion is
further explained by in situ experiments.

(4) Qualitative conclusion 4: water inrush is hidden in
the Hancheng mining area. The water pressure
experiment and second water injecting experiment
showed that water inrush did not occur in the Han-
cheng mining area under normal conditions. The
third water injecting experiment showed that the unit
water absorptions in the local area were increased by
2 orders of magnitude. The results show that hidden
water inrush may occur in the area of structural
development. The qualitative conclusion is further
explained by in situ experiments.

4.6. Results of the Dissolution Experiment and Analysis. The
results of the dissolution experiment on the two main Ordo-
vician karst top lithologies in the study area are shown in
Table 2. It can be seen that the dissolution of marlstone from
Section 1 of the Fengfeng Formation was significantly poorer
than that of limestone in Section 2. This was because the con-
tent of chemical component CaO in limestone from Section 2

Table 1: Comparative analysis of in situ experiment results and qualitative conclusions.

Qualitative conclusions
Results of water pumping

experiment
Results of water

drainage experiment
Results of water injecting

experiment

Results of water
pressure

experiment

There are many times of
water inrush in Chenghe
mining area.

The permeability coefficient of
the aquifer ranged from 0.245

to 12.21m/d.

There are few times
of water inrush in
Hancheng mining area.

The unit water absorption
measured by second water
injecting experiment was

0-0.001 L/min.m.m.

The unit water
absorption was
0.00074-0.00084
L/min.m.m.

The flow of water inrush
in Chenghe mining area is
large.

The hydraulic
transmission speed
of the aquifer is
49.7-520.9m/min.

The water inrush is
hidden in Hancheng
mining area.

The unit water absorption
measured by the third water
injecting experiment was
0.0000311-0.2 L/min.m.m.
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was significantly higher than that in marlstone from Section
1 (as shown in Figure 12).

4.7. Analysis of Karst Characteristics from the Ordovician
Karst Top

4.7.1. Characteristics of Karst from the Ordovician Karst Top.
A combination of in situ hydrological tests and laboratory
dissolution experiments revealed the karst development
characteristics of Ordovician karst top, which are summa-
rized as follows:

(1) Heterogeneity. In the study area, karst development was
remarkably heterogeneous. Different lithology types in the
same region, the same lithology type in different regions,
and different depths in the same stratum all showed
heterogeneity.

(2) Vertical Zonation. For the Ordovician karst top in the
study area, karst in Section 2 of the Fengfeng Formation
developed fully on the whole and had strong water yield
properties, while that in Section 1 developed in a limited
manner with very weak water-bearing properties.

(3) Filling Situations of Partial Regions. Ordovician karst in
the Chenghemining area did not show significant filling prop-
erties, whereas the Ordovician karst top in the Hancheng min-
ing area was Section 1 of the Fengfeng Formation with a filling
zone that was not rich in water and a thickness of 20-50m.
The filling zone in the top section of Ordovician karst gener-
ally developed, but there was no filling zone in the area with
developed structure and rock breakage, which often evolved
into an area rich in water (for example, in the third section
of water injecting experiments, the unit water absorption
was 0.0000311-0.2 L/min.m.m; there were large differences
between the cases with and without tectonic results).

4.7.2. Analysis of Controlling Factors for Ordovician Karst
Top Characteristics. The karst on the Ordovician karst top
in the study area had significant development characteristics.
Combined with the experimental results, the controlling fac-
tors for development were analyzed as follows:

(1) Sedimentation Control. The sedimentation of Ordovician
karst was mainly affected by the sedimentary environment
during its forming and the change in sedimentary environ-
ment in the later stage.
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Figure 12: Chemical composition of Ordovician karst.

Table 2: Comparison table of dissolution and dissolution of main types of Ordovician karst in the study area.

Rock type (size)
Total dissolution

amount (g)
Specific

dissolution
Total solubility
amount (g)

Specific
solubility

Physically crushed
capacity (g)

Whole limestone (5mm× 10mm × 40mm) 0.1375 0.9543 0.1370 1.0602 0.0005

Whole dolomitic marl (5mm× 10mm × 40mm) 0.02890 0.24518 0.02074 0.2228 0.00816

Fractured limestone (5mm× 10mm× 20mm+ 20mmð Þ) 0.1473 1.0223 0.1467 1.1353 0.0006

Fractured dolomitic marl
(5mm × 10mm × 20mm+ 20mmð Þ) 0.03080 0.26130 0.02262 0.2430 0.00818
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(1) Effects of sedimentary environment in the earlier
stages: in different sedimentary environments, there
were various sedimentary strata, such as limestone,
dolomite, and marlstone. Different types of rocks
had different chemical compositions (Figure 12),
resulting in different dissolution resistance (Table 2).
Among these, the dissolution of limestone was better
than that of marlstone, and through further subdivi-
sion, it was related to the purity of carbonate: higher
carbonate purity led to better dissolution.

The hydrological characteristics of the Ordovician karst
top in different mining areas were significantly affected by
lithology. Section 2 of the Fengfeng Formation was domi-
nated by limestone, so its aquifer was rich in water. The
results of water pumping and water drainage experiments
in the Chenghe mining area verified this conclusion. Section
2 of the Fengfeng Formation was dominated by marlstone, so
it was an aquiclude. The water pressure and water injecting
experimental results in the Hancheng mining area verified
this conclusion. To some extent, the difference determined
the differences in hydrogeological characteristics of Ordovi-
cian karst in the Hancheng and Chenghe mining areas:
Ordovician karst top in the Hancheng mining area (Section
1 of the Fengfeng Formation) was generally an aquiclude;
in the Chenghe mining area (Section 2 of the Fengfeng
Formation), it was generally an aquifer.

(2) Effects of sedimentary environment in the later stages:
according to previous studies in North China, there
were obvious planes of unconformity between the
Ordovician and Carboniferous, and the upper
Ordovician and lower Carboniferous strata were
generally absent [37]. In the study area, the large
amount of bauxite mudstone between the coal
seam and the Ordovician top boundary was the
product of such crust uplift and weathering. The
sedimentary event in the later stage produced the
following effects:

(i) During the post-Ordovician period, the crust in
the Hancheng mining area uplifted earlier than
that in the Chenghe mining area. As a result, Sec-
tion 2 of the Fengfeng Formation was generally
weathered, and Section 1 remained as the top
section. Comparatively, the crust in the Chenghe
mining area uplifted later, and large sections of
strata of Section 2 were left in the top section of
Ordovician karst.

(ii) Due to the existence of planes of unconformity,
the partially developed karst in the top section
of Ordovician karst in the Hancheng mining area
was filled with the weathering products of paleo-
crust [38], so the filling characteristics of the top
section were observed in the Hancheng mining
area. Comparatively, in the Chenghe mining
area, because the lithology of the top section
had stronger dissolution, karst developed exten-

sively. Although it was also filled, there was still
space filled with water due to dissolution of
groundwater activity in the later stage, but there
were no filling characteristics overall.

In sum, sedimentation controlled the aquiclude differ-
ences of Ordovician karst top in the two mining areas to
some extent and showed karst heterogeneity within different
areas, zonage at different depths in the same area, and filling
properties of top strata sections in some areas.

(2) Tectonic Control
The basic conditions for karst development included

soluble rock, sufficient groundwater with dissolution capabil-
ity, and flow channel of water. The three conditions were
controlled by tectonics in varying degrees, so the effect of tec-
tonics on karst development cannot be ignored. The three
conditions were analyzed as follows:

(1) Effects of soluble rock development: under the same
lithology, when the tectonics developed, the rock
was further broken, increasing the contact area
between karst and dissolved water, as well as the
physical crushing capacity and dissolved quantity.
The results of the dissolution experiment indicated
that when the specimen surface area increased, its
dissolved quantity and physically crushed quantity
increased significantly.

(2) Effects of dissolution ability of water: on the one hand,
Ordovician karst water in the Chenghe and
Hancheng mining areas was recharged by precipita-
tion in karst-exposed areas in the Pubai and
Tongchuan mining areas; on the other hand, it was
recharged deeply by other surface rivers. Because
karst-exposed areas were far away, the amount of
erosive CO2 decreased and the dissolution capability
decreased significantly. When the fault was a water-
conducting fault, the amount of CO2 was signifi-
cantly supplemented. According to water quality
testing in the water drainage experiment, the content
of erosive CO2 in water increased significantly near
the water-conducting fault (Figure 10).

(3) Effects of runoff channels: the direction, quantity, and
scale of runoff channels can directly affect the dissolu-
tion degree of karst water and surrounding rock, as
well as the degree of water erosion. The development
of water-conducting structures provided good chan-
nels for runoff in karst. For example, in the water
drainage experiment, the hydraulic transmission
speed of water-conducting F2 fault was significantly
higher, which provided good channels for karst devel-
opment. Comparatively, due to its water-resisting
property, the F1 fault hindered the flow of karst water
and karst development was relatively weak.

In summary, karst development was controlled by sedi-
mentation and tectonic development. Such local controlling
factors cannot be ignored for security reasons, so it is neces-
sary to detect Ordovician karst top before each coal face is
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mined to prevent water inrush accidents from occurring in
areas with abnormal structure.

4.8. Application of Threat Assessment of Ordovician Confined
Water to Coal Mines in the Study Area

4.8.1. The Water Inrush Coefficient Theory. The water inrush
coefficient theory has changed many times since its original
form (Formula (6)). More factors have been considered, such
as the damaged depth of the coal mining floor (Formula (7))
and water yield properties [38]. However, when applied under
different mining and geological conditions, the water inrush
coefficient theory still has some problems. For example, the
Ts‐q method proposed by Li et al. [38] was applied in the
study area and demonstrated a larger error when applied in
the study area in this paper. The aquiclude thickness M in
the study area was about 20m, but water inrush occurred less
in the Hancheng mining area. However, in the literature [38],
it is believed that under such circumstances, water inrush
should have occurred more often.

Ts =
P
M

: ð6Þ

In Formula (6), Ts denotes the water inrush coefficient,
with units in MPa/m; P denotes the pressure of Ordovician
karst acting on the aquiclude, with units in MPa; and M
denotes the distance from the interface of the Ordovician
karst top to the mining coal seam, with units in m. When
Ts ≥ Ts0, water inrush from the bottom floor is likely to occur
on the mining face; otherwise, water inrush from the bottom
floor will occur with a lower probability. Ts0 denotes the crit-
ical water inrush coefficient obtained from empirical value
statistics, with units in MPa/m.

Ts =
P

M − cp
: ð7Þ

In Formula (7), cp denotes the depth of damage to the
bottom floor, with units in m.

4.8.2. Classified Application of the Water Inrush
Coefficient Theory

(1) Classification of Water Inrush Risk Evaluation Based on
Karst Hydrogeological Condition. According to the analysis
results from Section 4.7, when coal mining was carried out
on the Ordovician karst aquifer in the study area, karst
hydrogeological conditions were somewhat different. The
differences were reflected by the water inrush coefficient the-
ory from two aspects. On the one hand, due to the existence
of the filling zone on Ordovician karst top, the identification
of the aquiclude thickness M was different (it was no longer
the distance from the Ordovician karst to the coal seam,
possibly with the aquiclude thickness in the filling zone); on
the other hand, the three parameters M, Ts0, and cp were
different in areas with and without structure development.
According to the differences in both aspects, the geological
conditions for mining in the study area were divided into
three types.

(1) The Ordovician karst top had neither filling nor signif-
icant structure (type 1): this type was mainly concen-
trated in the Chenghe mining area. Because Section 2
of the Fengfeng Formation continuously had a large
area, the Ordovician karst top was a stratum rich in
water. For this type, Formula (7) should be selected
for calculating the water inrush coefficient.

(2) The Ordovician karst top had filling but no significant
structure (type 2): this type was mainly concentrated
in the Hancheng mining area. Because Section 2 of
Fengfeng Formation wedges out, the Ordovician
karst top was a stratum poor in water, which can be
regarded as a relative aquiclude, and 20m was the
thickness for safety. For this type, Formula (8) was
selected for calculating the water inrush coefficient

Ts = P
M + 20 − cp

: ð8Þ

(3) The Ordovician karst top had significantly developed
tectonics (type 3): this type was sporadically distrib-
uted in the Hancheng and Chenghe mining areas.
Due to the tectonic effects, this type of top section
had a thinner aquiclude, increased damage depth to
the bottom floor of the coal seam, and lower critical
water inrush coefficient. In addition, this type was
distributed in a random manner, with high crypticity
and is difficult to explore, so monographic studies are
needed. The formula for evaluation was obtained
from monographic studies. Previous water inrush
accidents have shown that this type presents a
significant hazard, and accident prevention should
be emphasized.

(2) Application of Classified Evaluation. The evaluation
methods for types 1 and 2 were applied for the Chenghe
and Hancheng mining areas and successfully predicted the
water inrush risk from the bottom floor of seven coal faces.
Results are shown in Table 3. The water inrush coefficient
for the Chenghe mining area was generally higher than the
critical value, so coal mining was carried out safely after
grouting reinforcement was conducted on the bottom floor.
On the other hand, the water inrush coefficient for the
Hancheng mining area was generally lower than the critical
value, so coal mining was directly carried out safely without
conducting grouting reinforcement on the bottom floor.
According to prior results from geophysical prospecting
and drilling, coal face 22508 in the Dongjiahe coal mine of
the Chenghe mining area belonged to the type with signifi-
cantly developed structure (type 3), suggesting that water
inrush accidents may occur with high probability. Therefore,
in areas with structure, coal resources from coal face 22508
could be mined safely and successfully after grouting rein-
forcement was conducted on the bottom floor.
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It should be noted that under normal structural develop-
ment in the study area, the damaged depth of the bottom
floor of coal seam cp could be obtained by multivariate
nonlinear fitting based on numerical simulation and field
measurement results (Table 4), following Formula (9). How-
ever, for actual measurement of areas with significant
tectonic development, twice the number of monographic
studies is needed compared to areas with normal structure.

cp = 10:3963 + 0:7206 ln Ld − 2:4618D, ð9Þ

where Ld denotes the inclined length of the coal face, with
units in m, and D denotes the combination lithology coeffi-
cient of the coal face bottom floor, which is a dimensionless
percentage of hard rock on the bottom floor.

In summary, risk prediction of water inrush from the
bottom floor for coal mining based on karst hydrogeological
characteristics guarantees the mining of coal resources in the
study area.

5. Conclusions

The hydrogeological conditions of Ordovician limestone top
section had been explored and analyzed. Based on the recog-
nition of hydrogeological characteristics, the water inrush
risk classification evaluation system had been proposed.
The findings of this study can be summarized as follows:

(1) The hydrogeological characteristics of the Ordovi-
cian karst top in the study areas included heterogene-
ity, vertical zonation, and partially filling properties

(2) Karst development was controlled by two factors:
sedimentation and tectonism

(3) Based on the hydrological characteristics of Ordovi-
cian karst top in the study area, the evaluation of
water inrush risk in coal mining under pressure was
divided into three types

(4) Formula (7) and Formula (8) should be used to
evaluate the risk of water inrush of types 1 and 2.
The condition of type 3 is changeable and needs spe-
cial research

(5) The three types were used to successfully predict the
risk of water inrush occurring on eight coal faces
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Table 4: The depth of floor failure and main control factors in the
study area.

No. Working face Ld (m) D (m) cp (m)

1 22506 96.0 0.7 11.8

2 22507 114.0 0.7 12.0

3 24504 140.0 0.1 13.5

4 24508 60.0 0.8 11.5

5 5208 150.0 0.6 12.0

6 5206 150.0 0.9 11.5

7 14503 136.4 0.5 13.6

8 13506 125.0 0.7 12.1

Table 3: Risk prediction of water inrush in coal working faces based on classification of geological conditions.

No. Mining area Coal mine Working face Evaluation type Evaluation result Actual mining process

1 Chenghe Chengheerkuang 24508 Type 1 Water inrush Grouting and safe coal mining

2 Chenghe Chengheerkuang 24506 Type 1 Water inrush Grouting and safe coal mining

3 Chenghe Dongjiahe 22507 Type 1 Water inrush Grouting and safe coal mining

4 Chenghe Dongjiahe 22506 Type 1 Water inrush Grouting and safe coal mining

5 Chenghe Wangcunxiejing 5206 Type 1 Nonwater inrush Safe coal mining

6 Chenghe Dongjiahe 22508 Type 3 Water inrush Grouting and safe coal mining

7 Hancheng Sangshuping 3105 Type 2 Nonwater inrush Safe coal mining

8 Hancheng Magouqu 1100 Type 2 Nonwater inrush Safe coal mining
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