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Abstract

In-situ water injection tests were carried out to study the hydraulic conductivity of the roadway floor strata in the Chengjiao
coal mine. Reliable water pressure test data were obtained to assess the permeability of the floor’s rock mass. The initial
water pressure of the intact rock mass was greater in the first water injection test, which indicated that its permeability was
low. The water pressures increased when the test was repeated, which showed that cracks had propagated in the rock mass.
The maximum hydraulic conductivity of the intact rock mass was obtained from different water injection tests and the results
were compared with those of the Dongtan Mine in the Yanzhou coalfield, where the floor strata is geologically similar to
the Chengjiao Mine’s. The test data verifies that the mine floor’s intact rock mass is very water-resistant. The risk of a water
inrush can be judged by the numerical relationship between this resistance and the water pressure of the limestone aquifer.
These results can be useful in preventing water inrush through the floor strata in other deep mines.
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Introduction

Compared to shallow mining of coal seams, deep mining is
more complicated and more prone to water inrushes (Huang
et al. 2014, 2015; Liu et al. 2016). The hydraulic properties
of the coal seam floor rock mass are important factors to
consider when evaluating the risk of an inrush. Although
many researchers have examined the risk of a water inrush
based on laboratory tests, theoretical analysis, and numeri-
cal simulations, these methods cannot accurately reflect the
real geological conditions of coal floor strata, because pore
water pressure is different in the actual rock mass (Guo and
Xu 2016; Pfunt et al. 2016), which affects its permeability.
In-situ tests, such as pumping and injection tests, are com-
monly used to determine the permeability of rock masses
(Li et al. 2014a, b; Li and Qian 2013). However, fractures
and low pumping rates often make it difficult to carry out
pumping tests in mining areas, so injection tests are now the
preferred in-situ type tests (Jiang et al. 2014; Kitagawa and
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Kano 2016; Xu et al. 2012). In-situ water injection tests can
truly reflect the geological conditions of a site because the
flow rate of the rock mass is not limited.

The Chengjiao coal mine is located in the Yongxia mine
area of the Henan province in eastern China (Fig. 1a; the
black area represents Henan Province, the red point repre-
sents the mine). In this mine, seam no. 2 is stable and is an
important source of coal. However, seam no. 2 is located
deep underground. There are two aquifers below seam no.
2, a Carboniferous (Taiyuan formation) limestone aquifer
and an Ordovician limestone (Zhu et al. 2017). According
to water levels obtained from in-situ measurements at the
Chengjiao Mine, the water in the Ordovician limestone has
no hydraulic contact with the overlying aquifers. However,
two water inrushes have occurred since mining began, with
the highest inrush of 300 m>/h. Therefore, the limestone
aquifers of the Taiyuan formation have become the most
significant water hazard source and threatens the safety of
mining there. In addition, there is relatively little hydrogeo-
logical data for the coal seam haulage roadway, which has
prevented understanding the permeability of the rock mass
of the coal seam floor. In light of this, in-situ water injec-
tion tests on the rock mass of the coal seam floor were car-
ried out in the roadway to learn its hydraulic properties, and
provide a basis for evaluating the risk of an inrush from the
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Fig. 1 Schematic of location of
Chengjiao Coal Mine and layout
of two boreholes
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mine floor. Doing this will provide the theoretical basis for
preventing and controlling inrushes through the mine floor.

Methods and Testing Equipment

Methods

The stratigraphy revealed in the coal seam no. 2 roadway
was found to be relatively complete and typical. In addition,
testing there would not affect normal production. There-
fore, the southern portion of the roadway was chosen as the
location for water injection. The control point was labeled

(b)

SYP21, and test holes were drilled on both sides of SYP21.
Test borehole C1 was about 2.7 m to the right of SYP21 and
test borehole C2 was about 2.0 m to the left of it (Fig. 1b).
According to rock mass mechanics and theories on under-
ground mine pressure (Jin et al. 2017; Zheng et al. 2015),
there is a critical hydraulic gradient of leakage or seep-
age failure in the floor strata of coal seams in deep mines.
Expansion of the floor strata is possible and hydraulic frac-
tures occur when the actual hydraulic gradient exceeds the
critical hydraulic gradient, thus causing water inrush from
the coal seam floor due to water seepage and even failure.
Two boreholes were drilled to accurately determine the per-
meability of the rock mass of the coal seam floor (Fig. 2).
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Fig.2 Schematic of water injec-
tion test method
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One of the boreholes was used for water injection and the
other for observation. Casing pipes were installed and fixed
by grouting, to ensure the stability of the casing pipes. A
pressure measuring sensor was placed at a certain depth in
the test borehole and a data recording device was installed.
A flow meter, pressure pump, and the sensor were assembled
together at the water injection borehole, and a GSJ-2A intel-
ligent detector (Taian University of Science and Technology
Load Cell Sensor Technology Co., LTD, China) was used
to collect the data. Water pressure testing was carried out
after 48 h.

Due to the lack of data on the coal seam floor strata in
this mine, we examined the microstructure and water—rock
characteristics of the mudstone and fine-grained sandstone
by field logging and sampling. The test results showed that
the rock structure and the ionic strength of the fluid are the
main factors influencing the water-rock chemical interac-
tion. Increasing the degree of micro-fracture development at
the rock surface and the ionic concentration in the soaking
solution increases the adsorption. This water—rock chemical

interaction can damage the minerals’ crystal structure, which
produces microscopic fractures on the rock surface. The
permeability of the coal seam floor in the depth range of
the no. 2 level haulage roadway was tested and quantitative
data were obtained. The strata were divided into three sec-
tions for testing within the range of the depth of the failure
of the roadway, in accordance with the strata’s structure.
Two parallel test boreholes holes were drilled 4.7 m apart
(Table 1). The lithology of the first test section is mainly fine
sandstone, with an average thickness of 9.2 m. The second
test section is mainly siltstone, with an average thickness of
7.2 m. The third test section is mainly sandy mudstone, with
an average thickness of 20.4 m.

To conserve space, only the drilling of the test borehole
in the first tested section is described in detail here:

First, boreholes C1 and C2 were drilled to a depth of
6.5 m, and casing pipes were installed and fixed by grout-
ing. Then, C1 was drilled at a depth of 20 m, and tested at
pressures of at least 6 MPa. C2 was then drilled at a depth
of 32 m.

Table 1 Design parameters for

o Technical parameters
drilling of two boreholes

Cl C2

Diameter of opening borehole (mm)/depth (m)

Diameter of borehole (mm)

Dip of borehole (°)
Depth of borehole (m)

Diameter of borehole casing pipe (mm)/length (m)

150/6.5

150 (0~ 6.5 m)-1°
110 (0-20.0)-3

150/6.5

150 (0-6.5 m)—4
110 (0-32.0)-6

75 (0-32.0)-8 75 (0-45.0)-11
75 (32.0-45.0)-9

—40 —-40

45 45

127/6.0-2 127/6.0-5
89/20.0-7 89/36.5-10

2One to eleven in the table represents order of drilling operation

@ Springer



Mine Water and the Environment (2018) 37:724-733

727

After these steps were completed, a water pressure probe
was installed in C2, at a controlled depth of = 15 m. A pres-
sure pump was inserted into C1 for water injection. Different
injection pressures were used for each test, which each lasted
for 20 min; the flow rate and water pressure in each borehole
were continuously recorded. The initial water pressure was
0.5 MPa, which was gradually increased by 0.5-1.0 MPa.
After applying different injection pressures, the flow rate
was changed; the flow rate was first increased to the maxi-
mum rate and then reduced to 0. The water pressure probe in
C2 was not removed when the tests were completed.

Testing Equipment

The primary equipment used in this study included water
injection and permeability measuring devices. The water
injection test was carried out using a portable, intrinsically
safe, high-pressure pneumatic grout pump. The pump has
gradational speed control with variable pressure, and the
flow can be adjusted over a range of 5 to 80 L/min. The
pumping pressure was 22 MPa, and the water pressure of
the injection pipe was not less than 15 MPa. The equipment
that measures the permeability included a water pressure
sensor with a vibrating wire and a GSJ-2A model intelligent
detector. The detector directly shows the pressure value, and
can store data for later viewing. The detector is also small in
size, lightweight, has a high degree of integration with other
systems, and is energy efficient.

Test Results

Figure 3 shows the relationship between the water injection
pressure, flow rate, and test pressure with the time of the
water injection test. Since the observed water pressure was
less than the water injection pressure, the former is magni-
fied 10-fold to analyze the figure more effectively in the first
test section (Fig. 3a).

Figure 3a is a plot of the water pressure of the first test
section, in which the rock mass of the coal seam floor is
intact. The testing time was less than 95 min. Although
the water injection pressure and flow rate fluctuated, the
observed water pressure increased very slowly, with an
approximately linear trend, and the maximum value was
only 0.10 MPa, which indicates that seepage had not started.
After 95 min, the injection borehole was closed, and as the
water was withdrawn, the observed and injected water pres-
sures decreased greatly. When the first test was repeated,
the observed water pressure was less than initially, and the
maximum water pressure was only 0.086 MPa, but the flow
rate had obviously increased. In general, the permeability of
the fine sandstone is very low, and no conduction took place
in either injection test.

In the second test section (Fig. 3b), with a testing time
of 49 min, the water injection pressure and flow rate again
tended to fluctuate; the changes in the observed water pres-
sure basically plotted in a straight line, and the maximum
value was only 0.07 MPa, which indicates that there were
no seepage channels. Afterwards, the observed water pres-
sure increased to 1.64 MPa at ~ 60 min, which showed
that seepage had started in the rock mass. Repeating the
first test in this test section showed a similar variation.
However, the time for any obvious increases in observed
water pressure was significantly reduced, and the flow rate
generally increased.

In the third test section (Fig. 3c¢), although the water
injection pressure and flow rate tended to fluctuate in
the first test, the observed water pressure increased very
slowly, indicating a lack of seepage channels. The observed
water pressure significantly increased after 20 min, up to
2.50 MPa, which indicates that seepage had begun in the
rock mass. The observed water pressure increased more
rapidly when the test was repeated, to 9.62 MPa, indicating
that a large crack had likely formed in the rock mass. The
flow rate also obviously increased.

Taken together, the water pressure of the three test sec-
tions demonstrated increasing stability, indicating that the
permeability of the tested rock mass was low.

Discussions
Analysis of Initial Seepage Conditions

We defined the initial seepage point as the point where the
water pressure in the test borehole and seepage flow obvi-
ously changed (Fig. 4). The corresponding water injec-
tion pressure of the initial seepage flow is referred to as
P, This initial pressure is the main source of the seepage
in the rock mass. The seepage resistance is the ratio of
the P, and the distance between the two boreholes. The
parameters of the initial permeability of the three test sec-
tions of the intact rock mass of the coal seam floor can be
determined by the P,, seepage pressure difference, and
seepage resistance (Table 2).

The minimum value of P,y is 7.50 MPa (Table 2).
Although the observed water pressure is relatively low,
there is still a large difference in seepage pressure. In the
three test sections, the rock mass has a relatively high
seepage resistance. This indicates that the permeability of
the intact rock mass of the coal seam floor is low, and the
seepage channels are mainly micro-cracks, which leads to
greater seepage resistance.

@ Springer
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Fig. 3 Plots of the results of water injection tests
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Analysis of Stable Seepage Conditions

During the injection tests, after seepage began in the test
sections and the pumped pressure was increased to a cer-
tain level, cracks propagated only slightly, and the observed
water pressure and flow rate were relatively stable (Fig. 4).
This level of seepage can be defined as the stable seepage
and the corresponding maximum stable water pressure is the
stable water pressure (P,). The water pressure test results at
this stage can be considered to be a stable seepage condition.
Similarly, stable water pressure, seepage pressure difference,
and seepage resistance can be used as the basis for evaluat-
ing the permeability of the rock mass (Table 3).

As Table 3 shows, the water pressure during stable seep-
age conditions and seepage resistance both exceed the ini-
tial pressure of the seepage water. The seepage pressure
difference of the rock mass of the first and second test sec-
tions was less than that of the initial water injection test.
The observed water pressure exceeded that of the first water
injection test, which shows that there were some cracks in

the stable seepage phase. The water pressure during this
phase is similar in the three test sections, within the range
of 8.5-11.0 MPa, with a seepage resistance of ~3.0 MPa/m.
The test results show that the permeability of the rock mass
is low and large cracks had not formed. The degree of pen-
etration is still relatively low, and actual seepage can take
place under a high water pressure gradient.

Analysis of Permeability Characteristics

The hydraulic conductivity of the test sections in a stable
seepage condition can be calculated in accordance with the
measured water pressure. If it is assumed that the perme-
ability of the test sections is isotropic and homogeneous,
and the water flow during the water injection test is turbu-
lent, not laminar, the total flow rate at any cross section is
equal when the flow rate and water pressure are relatively
stable (Fig. 5). Therefore, when the flow rate is stable, the
hydraulic conductivity of the rock mass can be calculated
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Table 2 Measured water

i Test section Initial seepage water Observed water pres- Seepage pressure dif-  Seepage
pressure of initial seepage pressure (MPa) sure (MPa) ference (MPa) resistance
(MPa/m)
1st section 8.03 0.06 7.97 2.68
2nd section 11.50 0.32 11.18 3.83
3rd section 7.50 0.30 7.20 2.50
Table3 Measured water Test section Stable seepage water Observed water pres- Seepage pressure dif-  Seepage
pressure of stable seepage pressure (MPa) sure (MPa) ference (MPa) resistance
(MPa/m)
1st section 8.50 0.09 7.41 2.83
2nd section 11.00 1.20 9.80 3.67
3rd section 9.00 0.53 8.47 3.00
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Observed hole

Fig.5 Analytical diagram of water flow of water injection test

using Eq. (1), in accordance with the relationship between
the water injection and observed water pressures (Zhang
etal. 2011).

_ O(nR-1nr)
 2xl(Hp - H,) (1

where K is the hydraulic conductivity (cm/s), Q is the injec-
tion flow rate (cm?®/s), R is the distance from the injection
borehole to the observation borehole (m), r is the diameter of
the borehole (m), Hp and Hp are the water head of positions
rand R (cm), P, is the injection water pressure (MPa), P is
the observed water pressure (MPa), and L is the length of the
tested section which is injected with water (cm).

As shown in Fig. 4, the injection water pressure increased
quickly from 0 to 9 MPa in less than one minute in the initial
water injection test. At the same time, the flow rate increased
quickly from O to 2 L/min, but the observed water pres-
sure was very low, indicating that the intact rock mass was
not conducting water, and originally had a strong seepage
resistance. According to homogeneous rock mass destruc-
tion mechanism (Fig. 6), with the water injection pressure
gradually increasing from 1 to 56 min, there were a lot of
small splitting incidents during the high water pressure test.
The injection flow rate fluctuated from 3.8 to 7.8 L/min, with
each larger flow change corresponding to the fracturing of
the rock mass or extension of existing fractures (Jiang et al.
2014). But the observed water pressure stayed low, indi-
cating that the new fractures and fracture extension were
small, and did not form good continuous channels during the
test. After 56 min, a larger fracture formed, injection water
pressure decreased rapidly, the flow rate increased rapidly,
and the observed water pressure obviously increased, but
the observed water pressure was still much less than the
injection water pressure. This shows that only a few frac-
ture channels may have formed. The high water pressure
test apparently produced a water diffusion circle, but the
channels of seepage were mainly micro-fractures. It can be

@ Springer

High water pressur

injection borehole

Fig.6 Sketch of hydraulic fracturing processes of homogeneous rock
mass

deduced that the coal seam floor had strong seepage resist-
ance and low seepage during the initial water injection test.

Figure 7 shows the variation in hydraulic conductivity
with time when the first water injection test was repeated.
The hydraulic conductivity of the repeated test exceeded
the water pressure of the first test. The maximum hydraulic
conductivity of the two water injection tests (Table 4) was
8.936x 107® cm/s. The hydraulic conductivities shows that
the permeability of the intact rock mass of the coal seam
floor was low. To increase the accuracy of the test results,
we carried out a water injection test on the rock mass of
the coal seam floor in another deep mine called the Dong-
tan coal mine in the Yanzhou coalfield, in which the floor
strata is geologically similar to those of the Chengjiao Mine.
The hydraulic conductivities are provided in Table 5 (Zhang
et al. 2015).

Evaluation of Coal Seam Floor Water Resistance

The safety of mining above a confined aquifer mainly depends
on the structure and water-resistance of the coal seam floor.
The water inrush coefficient is widely used as a quantitative
index to evaluate the risk of water inrush through the seam
floor. The determination of the critical water inrush value is
key to evaluating the risk of a water inrush. In the latest Provi-
sions on Prevention and Control of Water in Coal Mines (State
Administration of Coal Mine Safety 2009), the critical water
inrush coefficients of tectonic disturbed and intact floor are
based on the statistics of an example of water inrush from a
mine floor, so the applicability of the Chengjiao Mine needs
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Table 4 Maximum hydraulic conductivity values for each test section

Time(min)

(C) Third test section

Permeability con- st section 1st test 1st section 1st test
ditions repeated

2nd section st

test

2nd section 1st test 3rd section 1st test

repeated

3rd section Ist test

repeated

Maximum hydrau- 1.076 1.846
lic conductivity
(x107%) (cm/s)

0.949

0.711

1.130

8.936
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Table 5 Maximum hydraulic conductivity for each test section: Dongtan Coal Mine

Permeability con-  1st section 1st test 1st section Repeat

2nd section 1st test 2nd section Repeat

3rd section 1st test 3rd section Repeat

ditions of 1st test of 1st test of 1st test
Maximum hydrau- 0.057 0.177 0.064 0.273 0.248 0.145

lic conductivity

(x107% (cm/s)
Fig.8 A general sketch of the Roadway

floor water inrush

Coal Seam No.2

A (A

First test section T, M
Second test section T, M,
Third test section T; M;

D Borehole

Limestone aquifer

A
T 11 T T

further verification. Therefore, an in-situ water injection test
was used, and a large amount of data was measured. As shown
in Fig. 8, the limestone is rich in water, so Eq. (2) was used
to calculate the water resistance of the overlying strata and to
assess the risk of an inrush through the floor.

T=Y oM, )

where 7T is the water-resistance (MPa), o is the seepage
resistance (MPa/m), M is the thickness of the test section
(m), and Py, is the water pressure of limestone aquifer (MPa).

According to Eq. (2), T is the water-resistance of the three
test sections and Py, is the water pressure of the limestone aqui-
fer and the possibility of an inrush from the floor is judged by
the relationship between P, and 7. When T > P, no water
inrush will occur; conversely, if a water inrush occurs, T < P,,
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Conclusions

In-situ water injection tests are one of the most reliable ways
to determine the permeability of floor strata in deep mines.
The analysis and discussion above allow the following con-
clusions to be drawn.

1. The lowest initial pressure of the seepage water was
7.50 MPa. The observed water pressure of the three test
sections was 0.06, 0.32, and 0.30 MPa, respectively. The
seepage resistance of the three test sections all exceeded
2.50 MPa/m. Therefore, it can be concluded that the
seepage channels are mainly micro-fractures.

2. The water pressure in a stable seepage condition and
observed water pressure of the three test sections were
8.50 and 11.00 MPa; 9.00 and 0.09 MPa; and 1.20 and
0.53 MPa, respectively. Compared to the first water
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injection test, the water pressure and observed water
pressure were higher in a stable seepage condition. This
indicates that the produced cracks propagated; however,
while stable seepage conditions do not mean structural
damage has taken place in the rock mass, continual
seepage does indicate partial crushing. According to
the measured results, the seepage resistance of the three
tested sections was greater than 2.83 MPa/m. In other
words, the permeability of the intact rock mass of the
coal seam floor is low, and therefore prevents water
seepage.

3. The hydraulic conductivity was determined twice for
the first water injection tests in the three test sections,
in accordance with Eq. (1). The maximum hydraulic
conductivity of the first injection test was 1.130 x 107°
cm/s; however, that of the repeat of the first test was
8.936 x 107% cm/s. The maximum hydraulic conductivity
in the Dongtan mine is 0.273 X 107 cm/s. As a whole,
the permeability of rock mass was higher when the first
water injections was repeated, and seepage channels
formed. Still, the maximum hydraulic conductivity of
the three test sections was only 8.936 x 107 cm/s. This
indicates that the permeability of the intact coal seam
floor was low for both first injection tests.

4. The relationship between water resistance and water
pressure of the limestone aquifer can be used to assess
the risk of a water inrush through the mine floor. If
T < P, then a water inrush can occur, and measures
should be taken to prevent an inrush.
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