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Abstract

In the Jiaozuo mining area of the North China coal field, there are multiple water-rich aquifers close to the coal seam. To
prevent water inrush accidents, the subfloor strata needs to be reinforced by grouting before mining. According to how the
mechanics and hydrogeological properties of the key floor rock strata changed after grouting, the coal seam floor was divided
into two zones: a ‘water conductive fracture zone’ and a ‘mechanically strong damaged zone’. A composite model of a key
structurally stable water-control floor layer and a key infiltration-water damage-control floor layer was established after
grouting of the uppermost (L8) subfloor aquifer. Microseismic (MS) technology was used to analyze the characteristics of
the two zones and the water control capability of the two key layers in faulted and non-faulted regions of the experimental
working face, which revealed that the grouted L8 limestone served as a key mechanical barrier layer. The change in the elastic
modulus of the rock mass before and after grouting was measured by the borehole ultrasonic method, which showed that the
elastic modulus of the rock mass increased by 40-852% after grouting. Based on FLAC3D numerical simulation and field
measurements, grouting reduced the failure depth of the floor by 51%. Seven factors that influence the floor water control
‘dual key layers’ were proposed, which were quantified using the analytic hierarchy process (AHP) method. We found that
fault activation and water-filled faults were the main factors affecting the water control capability of the dual key layer. The
results of the research will contribute to the early warning, prevention, and evaluation of floor water inrushes in mines with
similar hydrogeological conditions.

Keywords Floor failure - Floor water control dual key layer - Microseismic - Analytic hierarchy process - Floor water
inrush

Introduction

In the mining areas of central and eastern China, the threat
of floor-confined water is becoming increasingly dire as coal
mining depth has increased (Li et al. 2022; Liu et al. 2022).
Some mines are seriously threatened by floor-confined
water, such as in the Jiaozuo and Hanxing mining areas in
the North China coal field, where mining is threatened by
multiple water irruptions from a limestone aquifer that is
less than 20 m thick and a deeper limestone aquifer that is
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more than 400 m thick. Subfloor grouting is usually used to
reinforce and reform the floor strata before mining (Hu et al.
2019; Quiel et al. 2019; Zhai and Bai 2023). This decreases
the water-richness of the closer aquifer, and fills the cracks,
reducing the threat of a floor water inrush.

Many scholars have carried out research on the use of
floor grouting reinforcement in water-abundant mining
areas. Zhai et al. (2022) proposed a secondary grouting-
reinforcement method to ensure that sufficient grout would
be injected into the aquifer. Zuo et al. (2022) studied the
temporal and spatial characteristics of rock fractures in the
floor of deep mines using rock fracture microseismic (MS)
data; the results showed that the energy inoculation level
of fracture expansion around the aquifer decreases after
grouting. Mu et al. (2023) proposed an evaluation method
for a grouted floor based on mining-induced MS data and
studied the fracturing zone and stress distribution for differ-
ent grout radii. Andrews and Keim (2021) assessed cases
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of underground mines beneath streams in recent decades,
analyzed methods of grouting, and made recommendations
to avoid inrushes.

The failure of the surrounding rock is often closely
related to water inrush. Michasa and Vallianatos (2020) used
concepts of statistical physics to study the spatiotemporal
and diffusion properties of micro-seismicity and investi-
gated the possible involvement of fluids in the triggering
mechanism. Ma et al. (2021) investigated the response
characteristics of key strata during the periodic weighting
process in the Dongjiahe coal mine by MS monitoring and
identified the fracture types of key strata. Xu et al. (2022)
developed a method for determining hydraulic parameters by
integrating the induced MS data collected during hydraulic
stimulation with tracer test data from the subsequent trial
production period, which was verified and applied to the
Habanero enhanced geothermal system in Australia. Huot
et al. (2022) created a curated dataset of nearly 7000 manu-
ally selected MS events and an equal number of background
noise examples and optimized a deep learning model's net-
work architecture together with its training hyperparameters
by Bayesian optimization, which increased the accuracy of
the analysis.

Floor water inrush still occurs occasionally in the working
face during mining despite grouting. Based on the mechani-
cal formula derivation, MS monitoring, and transient elec-
tromagnetic (TEM) detection, this study focused on how
the mechanical and hydrogeological properties of the key
rock strata was changed by grouting, establishing a ‘dual
key layer’ in the strata below the mine floor, and the factors
that might influence potential water control failures in this
‘dual key layer’.

Engineering Overview

The Jiulishan coal mine is located in the Jiaozuo mining area
of Henan Province, China. According to the hydrogeologi-
cal characteristics of the coal field, the main aquifers below
the coal seam are, from top to bottom, the L8, L2, and O2
limestone aquifers. Where the limestone is more than 8 m
thick and the occurrence is stable, the aquifers are strong
or extremely strong. The aquiclude between each limestone
is mainly composed of thin weak water-rich hard rock and
argillaceous soft rock. Where the mudstone and sandy mud-
stone is thicker than 10 m and stable, an effective aquiclude
is formed. Floor grouting is conducted before mining based
on the water inrush coefficient, but water inrush still occurs
in a few of the working faces during mining.

The 15,091 working face is located in the east wing of
the Jiulishan Mine (Fig. 1). The average thickness of the
2-1 coal seam is 5.5 m. The full-thickness fully mechanized
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top-caving coal mining method is being used; the aver-
age mining height is 5.0 m, the average roadway length is
425 m, the working face length is 110 m, and the maximum
buried depth is 460 m. There are two faults in the working
face, namely the F15-14 fault (with a vertical fault throw
of 2.8-3.0 m) and F15-15 fault (with a vertical fault throw
of 0.5-4.8 m). The L8 limestone aquifer is 8.5 m thick,
23 m below the 2-1coal seam, and has a water pressure of
1.9 MPa. According to the hydrogeological data, the unit
water inflow of the L8 limestone is 0.00019-5.4 L/s-m. The
L2 limestone aquifer is about 12 m thick, 75 m below the
2-1 coal seam, the water pressure is 3.8 MPa, and the unit
water inflow is 0.785-2.430 L/s-m. The O2 limestone aquifer
is 107 m below the coal seam, the water pressure is 5.7 MPa,
and the unit water inflow is 0.395-5.249 L/s-m (Fig. 2). To
avoid a floor water inrush, the L8 limestone aquifer and
faults are grouted before mining; the range of grouting rein-
forcement is 66.5 m from the 2—1 coal (35 m from the bot-
tom of the L8 limestone). Measured by the direct current
method, the depth of the floor failure zone is 15 m.

Characteristics of the Two Zones
of the Working Face Floor

Definition of the Two Zones
Water Conductive Fractured Zone

The ‘water conductive fractured zone’ refers to the sig-
nificant plastic failure of the floor rock layer after mining.
Even though the failure zone does not extend directly to the
confined aquifer below, the water pressure is sufficient to
break through the residual barrier layer. The confined water
only needs to overcome the resistance of the channel and the
remining aquiclude to cause a floor water inrush.

For example, the L8 limestone is 23 m below the 2—1 coal
seam in the 15,091 working face, and the water pressure is
1.9 MPa, and the depth of the floor failure zone is 15 m.
Without floor grouting reinforcement, the remaining 8 m of
aquiclude cannot prevent the L8 confined water from rushing
into the working face during mining, producing an inrush.
Therefore, the range of the water-conductive fracture zone is
from the 2—1 coal seam to the L8 limestone (23 m).

Mechanical Strength Damaged Zone

The ‘mechanical strength damaged zone’ refers to the dis-
connected fractured zone in the aquiclude between the upper
aquifer and deep aquifer, which is formed under the influ-
ence of the pre-mining primary rock stress and post-mining
failure stress. The fractures in the zone are mainly primary
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Fig. 1 Mine and researching working face location

fractures, and the natural stress is the main factor that forms
the early deformation of the intact rock mass. Mining can
cause the vertical stress on parts of the surrounding rock
to exceed the failure strength of the rock mass; when this
occurs, the cracks in the local rock mass extends and pen-
etrates along the impact direction, destroying the integrity
of the original and grouted rock strata. Because the force
is mainly from the mining activity and the deep confined
water, the water-conducting fractures are generally vertical
and in a small area.

MS Characteristics of the Two Zones of the Floor
Construction of the MS System

MS events represent damage by mining stress (Xiao et al.
2023a, b). In general, the number of MS events reflects the
activity level of the surrounding rock, and the macroscopic
damage is caused by the accumulation of microcracks. Using
multiple sets of high-sensitivity detectors installed in the
working face roadways, MS monitoring captures the tiny

vibrations generated by rock fracturing during the forma-
tion of a water inburst channel, so that the MS events can be
located (Miao et al. 2022).

The 15,091 working face MS monitoring system mainly
includes MS sensors, an underground digital signal acquisi-
tion master station, a digital signal processing system, and
a real-time monitoring platform. The response frequency
range of the MS sensors was 0.1-600 Hz, with a sensitiv-
ity of 100 V/s/m. 11 sensors were arranged on the working
face, of which 6 were installed in the ventilation roadway
(1#-6#) and five were installed in the transportation roadway
(7#-11#). A 20 mm diameter anchor rod is required to install
a sensor, and more than 0.5 m of the anchor rod needs to be
embedded in the roof (or floor). The sensor is fixed on the
anchor rod to ensure that the geophone installation direc-
tion is vertical. The sensor spacing is 100 m. In Fig. 3, the
floor sensors are marked as green spots and the roof sensors
are marked as red spots. To test the positioning accuracy of
the MS monitoring system, blasting was carried out in the
working face after construction of the MS system, and the
hypocenter was identified.
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Fig.2 Comprehensive histogram of coal seam floor

Mining of the 15,091 working face started on November
21, 2020, and the MS monitoring system has been in opera-
tion since January 14, 2021. The monitoring area is 39.7 m?
and a total of 1130 MS events have been detected. The MS
events energy is 15.5-5690.1 J, with an average of 310.7 J,
and a magnitude of —0.05 ~ 1.31on the Richter scale. The
MS events range from 212 m above the working face to
129.9 m below.
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Number and Energy Distribution Characteristics of Floor MS
Events

As shown in Fig. 1, there is no fault in the central region
of the 15,091 working face, which is defined as a nor-
mal mining region. From March 1 to April 30, the work-
ing face advanced 126 m in this region and 64 floor MS
events were detected. Of the 64 events, 52 events occurred
in the floor failure zone, accounting for 81% of the total
(Fig. 4). There were four MS events (6%) between the
floor failure zone and the L8 limestone bottom interface
and eight (13%) below the L8 limestone. The peak value
of MS events was consistent with the range of the floor
failure zone. Compared with the number of MS events in
the floor failure zone, the number of MS events below that
zone was reduced by 92.3%, which indicates that the main
factor causing floor failure in the normal mining region
was the mining stress of the working face.

The MS energy ranged from 15.6 J to 1213.9 J, includ-
ing 48 (about 75%) MS events with energy levels less than
500 J. 15 (about 23%) of the MS events had energy levels
of 500 J to less than 1000 J, and only one (about 2%) MS
event exceeded 1000 J. There was an inverse relationship
between the MS energy and the number of MS events in
the 45 m range below the working face. The MS energy
increased gradually with depth, while the corresponding
MS events number decreased sharply. The MS energy in
the range of 45-75 m below the working face decreased
markedly with greater depth, while the MS energy events
number were stable at 2-3, indicating that the energy
source was still from mining stress and that the stress
gradually decreases with increased depth. As shown in
Fig. 3, a small energy MS event appears at the end of the
energy curve, located on the F15-15 fault plane, indicat-
ing that the deep fault plane was activated to some extent.

Distribution Characteristics of MS Morphology in the ‘Two
Zones’ of the Floor

The MS event distribution profile diagram of the 15,091
working face is shown in Fig. 5. The MS events morphol-
ogy presents the distribution characteristics of the two
zones with obvious differences: the upper MS events were
concentrated in the floor failure zone, showing a ‘inverted
saddle-type’ stress distribution feature (black dashed line in
Fig. 5a), which is basically consistent with the mining floor
failure pattern, indicating that the mining activity was the
main factor changing the floor stress in this zone.

There were only five low-energy MS events in the
mechanical strength damaged zone, which were concen-
trated between the L8 limestone and L2 limestone (orange
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Cloud maps of MS event density generated by ARCGIS
software comprise Fig. 5b, c. It can be seen from Fig. 5b
that the floor MS event density cloud was basically located
within the floor failure zone. The high-density area was
mainly located in the ventilation roadway near the goaf, and
the density gradually decreases with depth, indicating that
the failure pattern of the floor was mainly affected by the
working face mining stress. The five MS events above the 1.2
limestone were relatively discrete. The MS energy density
cloud (Fig. 5¢) shows that the energy source was from the
mining activity.

Due to the special hydrogeological conditions in the Jiao-
zuo mining area, the L8 limestone aquifer is relatively close
to the coal seam. After the floor was damaged by mining
stress, the residual floor 8 m aquiclude of the 15,091 work-
ing face could not resist the upward disturbance of the con-
fined water and the mining fractures easily connected to the
lifting fractures of L8 limestone confined water. The range
of the water conductive fracture zone was deeper than the
floor failure zone.

In normal mining regions, the mechanical strength dam-
age of the deep rock layer would be more influenced by the
primary rock fissure and the lifting stress of the L2 limestone
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aquifer. In this zone, discontinuous rock mechanical damage
occurs only in a small range, the distribution characteristic
of MS events was distinct or horizontal, and there was no
connection with the upper water conductive fracture zone.

The‘Dual Key Layer’ Composite Water
Control Mechanism of Floor Grouting
Reinforcement

The ‘Dual Key Layer’ Composite Water Control Model

To prevent a floor water inrush from the L8 limestone aqui-
fer, floor grouting reinforcement was conducted before min-
ing (as shown in Fig. 6), transforming the aquifer into a key
stable water control layer. In addition, a certain thickness of
strata beneath the L8 limestone was grouted, along with the
underlying argillaceous rock mass, forming a key layer com-
bination of structural stability. The upper structural-stability
layer mainly acts as a mechanically stable beam structure,
preventing failure of the working face and blocking the min-
ing stress. The infiltration damage control layer (including
the grouted strata beneath the L8 limestone) largely seals the
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deep confined water fractures by increasing the mechanical
characteristics of the rock mass. Therefore, the composite
‘dual key layer’ is both a mechanical supplement and a bar-
rier, preventing a water inrush from the deep aquifer.

However, floor water inrush events still occurred in some
working faces that had been grouted, which indicates that
there are factors that can lead to the failure of the approach.
Therefore, research was conducted to promote the prevention
and control of future floor water inrush events.

The Key Structurally Stable Floor Water Control Layer

According to the key layer theory, the stable key layer of the
floor structure should be a thick rock layer (group) with high
mechanical strength and poor water-richness, which criti-
cally resists floor deformation and mining-induced failure.
The high strength strata between the coal seams and the
Ordovician limestone aquifer in the North China coalfield
are basically thin (less than 20 m) limestone layers, which
are porous aquifers and cannot acted as a key layer of water
resistance. After grouting, the internal cracks and pores of
the thin limestone layers are solidified and sealed by the
slurry, so the thin limestone layers are transformed into poor
aquifers or aquicludes. At the same time, their mechanical
strength is reinforced by grouting, which enhances their
floor-bearing capacity and reduces the deformation amount
and damage. The grouted thin limestone layers thus become
a key structurally stable water-control layer.

The Key Floor-Damage Infiltration-Water Control Layer

The key floor-damaging infiltration-water control layer
should be a thick rock layer (group) with good natural water-
resistance and high resistance to the upward infiltration of
deep confined water. As shown in Fig. 6, the aquifers are sep-
arated by soft rock aquicludes such as mudstone and sandy
mudstone that swell with water and disintegrate, which can
seal the water-filled fractures. The water control function
mainly has two aspects: if the upper portion of the key struc-
turally stable layer is broken by mining stress and the lower
argillaceous aquiclude is thick (such as the argillaceous layer

Reinforcement
holes

between the L8 limestone and L2 limestone in the Jiaozuo
mining area), the argillaceous soft layer will inhibit fracture
extension. However, as the confined water rises, the argil-
laceous soft layer expands and disintegrates, which inhibits
the cracks from connection.

Division of the Two Zones Under the Condition of ‘Dual Key
Layer’

After the L8 limestone is modified into a key structurally
stable water-control layer by grouting reinforcement, floor
rock failure is mainly caused by stope stress tensile shear
failure caused by mining; the range of the water-conductive
fracture zone is consistent with that of the floor failure zone.

The rock mass of the key floor damage infiltration water-
control layer is influenced by both the indirect effects of
the mining stress and the lifting stress of the L2 limestone
aquifer. The mechanical strength damaged zone is composed
of the part of the key structurally stable water-control layer,
which is not in the vertical range of the water-conductive
fracture zone, and the ‘key structurally stable floor-water
control layer’.

Influence of Grouting Reinforcement on Rock Mass
Strength

Test Principle

Acoustic measurement of the rock mass is used to study
the propagation velocity, deduce the related physical and
mechanical state, obtain the elastic model, and provide a ref-
erence for evaluating the engineering quality of a rock mass.
Due to the existence of cracks and structural planes, a rock
mass cannot be regarded as an ideal uniform medium. From
an engineering point of view, a rock mass can be regarded as
a continuous isotropic linear elastic material when the ultra-
sonic wave is smaller than the spatial size of the measured
original rock mass. The relationship between wave velocity
and elastic modulus of a rock mass is as follows (Xu et al.
2017):

Floor fracture zone

‘ Grouting
reinforcement range} - ----+—--key layer -1 —— - J—— 1 —-

= Elal_);stmd;u re:stability wptei_captrdL S

} Mudstone& Sandy ’ Floor damage infiltration water control
mudstone layer

key layer

Fig.6 Schematic diagram of dual key layer water control model
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where: p is the rock mass density, g/cm?; E; and E(’I are
the dynamic elastic modulus of rock mass before and after
grouting, respectively, GPa; AE is the change of dynamic
elastic modulus of rock mass before and after grouting, GPa;
Hgq 1s the dynamic Poisson ratio of the rock mass; V), is the
velocity of longitudinal wave in the rock mass; and 4 is the
reinforcement degree of the dynamic model of grout-rein-
forced rock mass.

Test Method

The ZBL-U520 ultrasonoscope was used, which includes
a transmitting transducer T and two receiving transducers
R1 and R2 (Fig. 7a), where the distance L from T to R1 is
the source distance and the distance between R1 and R2 is
AL. The search unit is placed in the drilling hole and the
transducer T is stimulated by the ultrasonoscope to radiate
sound waves. In the rock mass, the refraction angle of the
sound wave is equal to 90°; that is, the sound wave glides
along the hole wall and then refracts back into the hole to be
received by the receiving transducers, R1 and R2, respec-
tively (Fig. 7b). The wave velocity inside the rock mass
is calculated from the time difference, At, of sound wave
propagation in the rock mass, providing the elastic mechanic
parameters of rock mass. The dynamic elastic modulus, E,
of the rock mass is measured by the ultrasonic method. The

Fig.7 ZBL-U520 ultrasonic detection equipment
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static elastic modulus EJ of the rock mass can be obtained
by conversion: E;=0.25E,1.3.

Measurement of Rock Mass Strength Change

In the 15,091 working face of the Jiulishan Mine, the elastic
modulus of the grouted floor rock mass was measured by the
borehole ultrasonic method. Meanwhile, the elastic modulus
of the grouted and ungrouted floor rock mass was similarly
measured in the 11,030 working face of Zhaogu coal mine
which in the same mining area. The floor strata of the two
working faces is basically the same, and the measuring area
avoids the influence of working face mining and fault struc-
ture. Due to the metal casing at the vertical depth of 12 m
from the exploration hole opening, the field measurement
was carried out after the ultrasonic probe completely exited
the casing and entered the rock layer vertically. Data was
collected every 2 m, stopping at a position 4.5 m into the L8
limestone aquifer.

The results are shown in Table 1. It can be seen that the
elastic modulus of different floor rock was enhanced by
grouting, with the mudstone having the largest increase,
(640-852%), followed by sandy mudstone with an increase
of 241-641%, sandstone with 221-247%, L9 limestone with
176%, and L8 limestone with an increase of 40-159%. The
argillaceous rocks are generally soft and cracks are more
likely to occur under the influence of high-pressure grout-
ing. After solidification of the grout-filled cracks, the elastic
modulus of argillaceous rock mass increased greatly.

After detecting the elastic modulus of each rock forma-
tion, the weighted average compressive strength of the whole
rock formation was obtained by means of the average modu-
lus method:

Search
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where: ITC is the weighted average compressive strength of
floor rock, MPa; £; is the thickness of the no. i rock forma-
tion, m; and R, is the compressive strength of the no. i stra-
tum, MPa. The rock elastic modulus value of the casing sec-
tion cannot be measured, so the elastic modulus of the same
lithology was brought into the calculation. The relationship
between uniaxial compressive strength and elastic modulus
of sedimentary rocks is shown in Table 2 (He et al. 2011).

The converted compressive strength values of different
floor strata were incorporated into formula (4). The results
are shown in Table 3. Then, the calculated results of Table 5
were incorporated into the fracture mechanic formula of the
floor failure zone depth:

c

1.57y?h*L
hl = ———
4R ®
where: y is the average bulk density of the floor aqui-
clude, N/m?, which is 2.4 x 10°N/m?; & is the mining depth
(470 m); EC is the weighted average compressive strength
of floor rock, which is brought into the calculation results in
Table 3; L is the length of the working face (110 m). Accord-
ing to the calculated results: without grouting reinforcement,
the floor failure depth was 30.6 m, which would cause the
floor failure zone to directly connect to the L8 limestone
aquifer, resulting in a water inrush.

After grouting reinforcement, the floor failure depth was
calculated to be 11.7 m, and the floor failure depth was
measured to be 15 m by the direct current method—a differ-
ence of 4.3 m. Note that most of the parameters used in the
calculation were the average of the entire range of the mine
or working face, and that the field measurement was mainly
conducted in one appropriate location of the working face.
The larger value of the two results was selected. Therefore,
the failure depth of the grouting reinforced floor was about
51% less than the failure depth without grouting.

Numerical Simulation Result

The FLAC3D software can realize the establishment of a 3D
mining model, the distribution of geometric and mechanical
parameters of the strata, the calculation of rock deformation
and stress evolution, and a simulation analysis of mining.
A 3D digital model was established using the actual rock
thickness of the 15,091 working face and the rock lithology
of the floor after grouting. The height, width, and thickness
of the numerical model were 800, 410, and 313 m, respec-
tively, containing a total of 311,480 units and 326,592 nodes.
The thickness of each rock layer in the model was simulated
based on the actual stratum thickness of the working face. In
the initial stage, we ran the model to the equilibrium state,
simulated the original mechanical state of the coal and rock,
and excavated 20 m each time.

Figure 8 shows the simulated layout of the plastic zone
at different advanced positions during mining of the 15,091
working face. With excavation of the coal seam, the original
stress of the surrounding rock of the working face was bro-
ken, and the stress was redistributed, transferred, and trans-
mitted. When the stress of the surrounding rock exceeded
its critical strength, plastic failure occurred. A plastic zone
was formed in the rock surrounding the excavation, resulting
in stress concentrating around the coal seam. Due to stress
release in the goaf, the stress was concentrated on both sides
of the coal wall, and the plastic zone in the goaf gradually
increased in scope. The failure form of the bottom plate was
saddle-like and the maximum plastic failure depth was about
17 m. The numerical simulation of floor failure depth was

Table 2 Relationship equation of uniaxial compressive strength and
elastic modulus of sedimentary rock

Lithology Relationship equation
Sandstone E=0.0887R1.0851 C
Mudstone E=0.0924R1.1339 C

E=0.0186R1.7426 C
E=0.0913R1.2053 C

Sandy mudstone

Limestone

Table 1 Results of ultrasonic measurement of floor strata (elastic modulus unit: GPa)

Floor depth  Average value of elastic modulus 11,030 working face Working face elastic Lithology
- - - elastic modulus incre-  modulus increment/

11,030 working 11,030 kamg 15,091 kamg ment/(increase propor- (increase proportion)

face before grout-  face after grouting face after grouting tion) E E

. 72 7

ing E; E, E;
12-175m 1.7 5.9 5.3 4.2 247%) 3.6 (221%) Sandstone
17.5-18.5m 3.8 10.5 10.5 6.7 (176%) 6.7 (176%) L9 limestone
18523 m 1.7 5.8 12.6 4.1 241%) 10.9 (641%) Sandy mudstone
23-285m 0.5 37 4.8 3.2 (640%) 4.3 (852%) Mudstone
28.5-33.5m 34 8.8 4.8 5.4 (159%) 1.4 (40%) L8 limestone
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Table 3 Compressive strength of floor composite rock strata of 15,091 working face floor

Converted compressive ~ Compressive strength Compressive strength

strength after grouting

Converted compressive

Thickness (m) Elasticity modulus with- Elasticity modulus after

Lithology

of floor composite rock

of floor composite rock
strata without grouting
reinforcement (MPa)

strength without grout-
ing reinforcement (MPa) reinforcement (MPa)

grouting reinforcement

(GPa)

out grouting reinforce-

ment (GPa)

strata after grouting rein-
forcement (MPa)

44 323 134 36.2

13.3

4.8
12.6

0.5

22

Mudstone

42.1

1.7
1.7
3.8

Sandy mudstone 3.8

433

13.3
22.1

5.3
10.5

5.5
1.5
Sandy mudstone 4.5

Sandstone
Mudstone

51.2

L9 limestone

42.1

13.3

12.6

1.7
0.5

323

4.4

20.1

4.8

5.5
8.5

26.6

4.8

34

L8 limestone

basically consistent with the analysis of floor failure depth
measured by direct current method and MS monitoring.

Influence Factors of ‘Dual Key Layer’ in the Grouting
Reinforced Working Face

Factors Influencing the Key Structurally Stable
Water-Control Layer

By grouting reinforcement, the slurry fills the rock fractures,
increasing the rock mechanical strength, and making the L8
limestone a key structurally stable water-control layer that
blocks the downward transmission of mining stress and the
lifting stress of the L2 limestone aquifer. It is mainly affected
by the following four factors.

(1) Space relationship between the floor failure zone and
the key layer

Mining-induced failure is the main factor affecting the
structural stability of the key layer. According to the spatial
relationship, it can be divided into two cases: when the key
layer is in the range of the floor failure zone or when it is
deeper than the range of floor failure zone, that is, when
the distance between the key layer and the working face
(M) < the floor failure depth (h,), or when M > h;.

When M < h,, the mining stress of the working face will
shear damage the key layer, and the aquiclude after grout-
ing will be transformed into a water storage layer again.
Although it still has some blocking effect on the trans-
mission of mining stress to the deep, it loses the ability to
block water flow. When M > £, the key layer is less directly
affected by the shear failure of mining stress and can block
water flow.

(2) Affected by the water lifting stress of deep aquifers

According to the mechanical analysis of water barrier
by scholars, the following three conditions should be met
to prevent tensile failure of key layers: the compressive
strength (R,) of the key layer should be enhanced after
grouting, the tensile strength (o;) of the key layer should
be greater than that of the deep aquifers, and the shear
strength o,tang, + ¢, of the key layer should be greater
than that of deep aquifers. The specific formula derivation
process has been given by Lu et al. (2020).

(3) Fault activation

Faults have the effect of cutting and destroying the
integrity of rock layers and damaging the mechanical
strength of the key layer. It is easy to fracture along the
fault plane under mining stress, and when that happens,
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the structural stability is lost. Meanwhile, due to the influ-
ence of mining, damage to the floor aquiclude will be fur-
ther increased in the stress concentration area of the fault
fracture zone. According to the MS scatter event analysis
method, when the MS events in the fault fracture zone
presents a vertical ‘point-line’ arrangement, it indicates
that the fault is activated.

(4) Grouting reinforcement quality

The L8 limestone is a strong water-rich aquifer before
grouting, so it is very important to ensure the grouting
quality, which is the basis for transforming the strata to
a key structurally stable water-control layer. According
to engineering experience in the Jiaozuo mining area, the
quality of grouting reinforcement is evaluated according
to the ratio of the total water amount of the drilling holes
and the total grout amount. Specifically, a flow of 60 m/h
should be grouted with at least 100 t of slurry.

Influence Factors of the Floor Damage Infiltration Water
Control Key Layer
(1) Effective water resistance layer thickness

The key floor infiltration water-control layer is mainly

composed of mudstone, sandy mudstone, and other argil-
laceous soft rocks that prevents upward seepage of water

(c) Advance 400m

from the confined aquifer below. To be effective, it has to
be sufficiently thick to be able to block the confined water.
The effective thickness of the key layer is directly related
to the confined water pressure of the deep aquifer. According
to the water bursting coefficient method, the thickness of the
effective water-resisting layer, M =§, where P is the con-

fined water pressure of deep aquifér, and T, is the water
inrush coefficient. Different coefficients are selected accord-
ing to the working face conditions: 0.1 is used in normal
sections and 0.06 is used in faulted areas. If the thickness of
the key layer is less than the thickness of the effective water-
resisting layer, it is judged to be unable to resist the lifting
of the deep confined water by itself.

(2) Rock permeability

The grouting reinforcement is mainly aimed at the L8
aquifer; the grouting range in the rock mass below the aqui-
fer is relatively limited. The initial fissures in this ungrouted
rock mass damage its integrity. In addition, the natural
cracks in the rock mass will continue to expand under the
influence of the deep confined water and mining stress, even
though the rock mass is partially screened from the latter by
the upper stabilized layer.

In general, the resistivity of the same rock formation is
generally stable. Low-resistance areas are typically fractured
and water-rich, while high resistance areas are relatively dry.
This allows TEM technology to be used to detect the degree
of fracturing and rock mass permeability. According to expe-
rience in the Jiaozao mining area, areas with an apparent
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resistivity less than 10 ©-m have a relatively low resistance,
and areas with an apparent resistivity greater than 100 Q-m
are relatively high resistance.

(3) Fault influence

The influence of fault on the key layer is mainly to destroy
the integrity of rock mass and form water channel. The fracture
of rock mass near the fault zone is developed, the permeability
is enhanced, and it is more likely to fill water along the fault
plane under the drive of deep confined water, resulting in water
control failure. If the fault is activated under the influence of
mining stress, the water channel will further expand, which
will destroy the structural stability and water resistance of the
key layer, resulting in a lack of infiltration water control. The
water-richness and fault activation were respectively deter-
mined by the TEM and MS methods.

Factors Influencing Weighting
and Evaluation of ‘Dual Key Layer’ Water
Control Capability

Weight and Quantification of Factors Influencing
the‘Dual Key Layer’ Based on the AHP Method

Methodology

The analytic hierarchy process (AHP) decomposes the deci-
sion-related elements into multiple levels (such as objectives
level, criteria level, and schemes level), constructs a judgment
matrix, and calculates the comprehensive weight of each
scheme on the objectives. The method has been widely used
in groundwater spring potential zonation, evaluation of water
inrush hazards and other mining and hydrogeology fields (Fan
et al. 2023; Heydari et al. 2023; Prem et al. 2023; Xiao et al.
2023a, b).

Application of AHP usually is divided into three main steps.
The first step is to construct a hierarchical model and define
the evaluation indexes of different inputs. The second step is
to construct a judgment matrix and assign weights accord-
ing to field experience, previous studies, and expert opinions.
As shown in Table 4, usually the Santy's 1-9 scale method is
used for allocation (Saaty 1994). The third step is the single
hierarchical ranking and its consistency test, which determines
the weight of the index (Waikar and Nilawar 2014), and its
judgment formula is as follows:

Table 4 Saaty’s 1-9 relative importance scale (Saaty 1994)

CI
CR= o7 ©)

Cl = Maximum Principal Eigenvalue — Number of Factors
B Number of Factor — 1

(N
where: CR is consistency ratio; CI is the consistency indi-
cator, and the greater the value, the greater the degree of
matrix deviation from consistency; R/ is the random consist-
ency index (see Table 5). When CR < 0.1, it is considered
that the judgment moment matrix has good uniformity; oth-
erwise, the judgment matrix needs to be adjusted until the
consistency check is met.

The AHP Model Construction

The water control capability of the ‘dual key layer’ is the
target layer of the model. It is divided into two criterion
layers: the key structurally stable floor water control layer
and the key infiltration-water damage-control floor layer.
The sub-criterion layer includes four factors that influence
the key structurally stable floor water control layer: spatial
relationship (SR), stress effect (SE), fault activation (FA),
and grouting reinforcement quality (GRQ); and three factors
that influence the key infiltration-water damage-control floor
layer: the effective water resistance layer thickness (LT), per-
meability (P), and fault influence (FI). The scheme layer
is defined by two kinds of results: effective and ineffective
‘dual key layers’. The weight of each factor under these two
results is obtained by matrix calculation.

AHP Judgment Matrix and Results

Based on experience in the Jiaozuo mining area, the judg-
ment matrix and the weight of each factor were established
by using a scoring method and the above indicators, as
shown in Tables 6, 7 and 8. According to the weight calcu-
lation results of the AHP in Table 6, among the influencing
factors of key structurally stable floor water control layer,
the weight of SR is 10.4%, the weight of SE is 5.5%, the
weight of FA is 60.7%, and the weight of GRQ is 23.4%.
The maximum weight of an indicator is FA (60.7), and
the minimum weight is SE (5.5). The maximum principal
eigenvalue is 4.2. According to Table 5, the RI value is

9/1 177 5/1 3/1 1

3 5 7 9

Extreme less importance ~ Very strong  Strong  Moderate

Equally equal

Moderate more important ~ Strong ~ Very strong  Extreme
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Table5 RI value cprresponds to i 3 4 5 6 7 3 9 10
the order n of matrix

RI 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Table 6 Judgment matrix and calculation results of floor structure
stability water control key layer

Table7 Judgment matrix and calculation results of floor damage
infiltration water control key layer

SR SE FA GRQ Weigh (%) LT P FI Weigh (%)
SR 1 3 0.143 0.333 10.4 LT 1 3 0.2 18.9
SE 0.333 1 0.167 0.2 5.5 P 0.333 1 0.143 8.1
FA 7 6 1 4 60.7 FI 5 7 1 73.0
GRQ 3 5 0.25 1 23.5

0.9. Therefore, CR=CI/RI=0.09 <0.1, which passes the
consistency check.

As shown in Table 7, among the factors influencing the
key infiltration-water damage-control floor layer, the weight
of LT is 18.8%, the weight of P is 8.1%, and the weight of FI
is 73.1%. The maximum value of index weight is FI (73.1)
and the minimum value is P (8.1). The maximum principal
eigenvalue is 3.1. According to Table 5, the R/ value is 0.5,
CR=CI/RI=0.06<0.1, which passes the consistency check.

Table 8 shows the weight calculation results of the AHP
scheme layer and analyzes the weight of each index (influ-
encing factor) under different schemes. In the effective
scheme of the ‘dual key layer’, grouting reinforcement qual-
ity (GRQ) has the greatest weight, while in the ineffective
scheme with double key layers, fault activation (FA) and
fault impact (FI) have the greatest weight.

MS Characteristics of the Two Floor Zones
in the Fault-influenced Region

According to the AHP method, fault activation and fault
influencing factors play a crucial role in the failure of the
‘dual key layer’ water control. The characteristics of the
‘dual key layer’ under the influence of faulting were ana-
lyzed through MS event analysis.

Distribution Characteristics

171 MS events were detected in the two fault regions. The
number of MS events occurring at different depths of the
floor were counted; the relationship diagram is shown
in Fig. 9. It can be seen that the number of MS events
decreased gradually with depth. Of the 171 MS events, 84
occurred in the floor failure zone, accounting for 49% of
the total. There were 65 MS events below the floor failure

Table 8 Judgment matrix and calculation results of scheme layer

Influence Factor Effective Ineffective
SR 0.8 0.2
SE 0.8 0.2
FA 0.1 0.9
GRQ 0.9 0.1
LT 0.8 0.2
P 0.8 0.3
FI 0.1 0.9

zone to the L8 limestone bottom interface, accounting for
38%, and 22 MS events below the L8 limestone, account-
ing for 12%.

The numerical characteristics of the floor MS events
are closely related to the floor failure depth; the number
of MS events in the floor failure zone was the largest due
to the direct influence of rock breaking stress after min-
ing. Compared with the normal region, the number of MS
events between the L8 limestone bottom interface and the
floor failure zone significantly increased; the proportion
in each region increased by 32%, indicating that the floor
failure depth increased observably under the influence of
faults. The number of MS events below the L8 limestone
showed a steep decline; the number decreased by 85%,
which shows that the grouting-reinforced L8 limestone
provided structural stability, blocking energy transfer to
below.

In the F15-15 fault zone, a MS event occurs every 15 m
at depths of 61-120 m, down to the L2 limestone, indi-
cating that a penetrating low-energy rock mechanically
damaged zone had formed and that a water conduction
channel may have formed under the combined influence
of the fault and deep confined water lift.
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Morphological Characteristics of MS Events in Faulted
Regions

(1) Characteristics of MS events in water-conductive frac-
ture zones

As shown in Fig. 10, the floor MS events of 15,091 work-
ing face fault regions are generally divided into two vertical
distribution layers. The first layer is in the range of the floor
failure zone. As shown in Fig.10a, b, the high-density area
of floor MS events was concentrated in the tension failure
zone of the roadways and the hanging side of the fault. In
Fig.10c, d, under the influence of the fault in the middle of
the working face, the MS events distribution characteristics
have the shape of an ‘inverted triangle’. Under the traction
of the faults, some MS events extended to below the floor
failure zone.

The second layer was between the floor failure zone and
the L8 limestone bottom interface. The number of MS events
in the second layer is 22% less than that in the first layer
and the high-density cloud does not extend to this area. As
shown in Fig. 10, the MS events at this layer are generally
parallel to the L8 limestone and gather at the top interface or
inside the L8 limestone. It can be concluded that this form
is mainly influenced by the mechanical barrier key layer of
the L8 limestone.

(2) Characteristics of MS events in the mechanical strength
damaged zone

According to the above analysis, the mechanical strength
damaged zone of the 15,091 working face was mainly located
between the L8 and L2 limestones, and the MS events were

Fig.9 Relationship diagram of 80 — —
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mainly affected by the mining stress ‘filtered’ L8 limestone,
the lifting stress of the L2 limestone confined water, and fault
activation. As shown in Fig. 10, the MS events were discrete
in this zone, and no density cloud formed. There are obvious
differences in MS events between F15-14 fault zone and F15-
15 fault zone:

It can be seen in Fig. 10c that there was only one high-
energy MS event in the deep fault area of F15-14, which
is located on the fault plane below the L2 limestone, and
there were no other deep MS events. Therefore, it can be
concluded that no water-connecting channel had formed
along the fault plane.

As shown in Fig. 10d, a number of MS events occurred
in the zone between the L2 limestone aquifer and the
working face (orange dashed line in Fig. 10d), show-
ing a ‘point-line’ arrangement, which indicates that fault
activation occurred during the mining process and that a
water connecting channel had formed.

Evaluation of 15,091 Working Face ‘Dual Key Layer’
Water Control Capability

Analysis of Influence Factors

(1) Spatial relationship

According to the previous analysis, the floor failure
depth (h;) of the 15,091 working face floor was 15 m and
the distance (M) from the structure stability key layer (the
reinforced L8 limestone) to the working face was 23 m,
M > h;, which indicates the key layer had the effect of
blocking and water control.
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Fig. 10 15,091 working face floor MS events profile of fault zone. a MS events density cloud map of F15-14 fault zone. b MS events density
cloud map of F15-14 fault zone. ¢ Scatter plot of MS events of F15-14 fault zone. d Scatter plot of MS events of F15-15 fault zone

(2) Stress Influence on the structure stability key layer

According to the mine data, the internal friction angle
(@) of the rock layer is 40°, the cohesion force (C) is
16 MPa, and the average bulk density of the overlying
rock layer (y) is =2.4 X 104 kN/m>. According to Table 3,
the weighted average compressive strength (ﬁc) of the
reinforced L8 limestone below the 15,091 working face
was 26.6 MPa. The ratio of compressive strength (R,) and
tensile strength (R,) of the key layer was obtained by the
Mohr—Coulomb failure criterion:

R

c 2 o ¢

— =t 45° + —)

R " ( 2 ®)
The maximum allowable shear stress and tensile stress

of key layer reinforced by grouting were 38.3 and 5.8 MPa,

respectively. The calculated maximum shear stress and

tensile stress of the L2 limestone confined water of the
15,091 working face were 22.5 and 1.7 MPa, less than the
allowable shear strength and tensile strength of the key
layer. Therefore, the reinforced L8 limestone is able to
resist the lifting stress of the L2 confined aquifer.

(3) Grouting reinforcement quality

The 15,091 working face floor grouting reinforcement
engineering was carried out before mining, and the rein-
forcement depth was 35 m below the L8 limestone. The
total water amount of the drilling holes was 808 m>/h, and
the total grout amount was 3630 t. After conversion, 269.6
t of grout slurry was mixed with 60 m*/h of water, which
meets the engineering evaluation standard (a water flow
of 60 m*/h should be grouted with at least 100 t of slurry).
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(4) Pressure resistance of the infiltration water control key
layer

The key infiltration water control layer is the 43.5 m thick
rock mass between the L8 limestone and L2 limestones. The
upper 10 m of rock mass was reinforced by grouting, and
the water inrush coefficient was calculated according to
0.1 MPa/m, while the unreinforced section was calculated
according to 0.06 MPa/m. The comprehensive press resist-
ance was 35%0.1+8.5x0.06 =4 MPa, which exceeds the
L2 limestone water pressure (3.8 MPa); therefore, the rock
mass cracks does not tend to expand and connect under the
normal influence of the L2 limestone water pressure.

(5) Permeability of the key infiltration water control layer

According to the floor TEM detection results after grout-
ing of the 15,091 working face, two relatively low resistance
area were detected in the internal slope angle of 60° from
the transportation roadway (Fig. 11), and there was no rela-
tively high resistance area in the working face. The X3-1 low
resistance area is located between the L8 and L2 limestone
strata, and intersects with the F15-15 fault, indicating that
the L8 limestone contained little water after being grouted,
but there were still water-filled cracks in the key infiltration
water control layer in the F15-15 fault zone.

The second low resistance area, X3-2, was located in the
L2 limestone, and there was no high or low resistance zone
in the key infiltration water control layer nearby, indicating
that the key infiltration water control layer has good perme-
ability resistance in the F15-14 fault zone.

n Roadway Cutting tunnel

p14-15 faut

\ entil atio

15 fault

(6) Fault influence

According to the TEM detection, the F15-15 fault plane
overlaps with the low-resistivity area, which indicates the
water filled condition of the fault. In the F15-14 fault zone,
there was no low resistance area above the L2 limestone,
which indicates that the fault was relatively dry.

According to our analysis of MS characteristics in the
faulted regions, there were a number of MS events show-
ing a ‘point-line’ arrangement along the F15-15 fault plane,
which indicates that the fault was activated and that a water
conducting channel was likely to have formed.

The MS events of F15-14 fault were concentrated in the
floor failure zone above the L8 limestone, and there no MS
events extended to the deep area, which proves that its acti-
vation degree was limited and no water channel had formed.

Evaluation and Verification of the Water Control Capability
of the‘Dual Key Layer’in the 15,091 Working Face

(1) Comprehensive water control capability evaluation

A comprehensive evaluation of the water control ability
of the 15,091 working face ‘dual key layer’ was carried out
according to our analysis of the influence factors. The evalu-
ation results are shown in Table 9.

In the key structurally stable floor water control layer,
the SR, SE, and GRQ indexes were effective, accounting
for 39.3% of the overall weight, while the FA index was

Transient apparent electromagnetic resistivity profile of

| X 15091 Transportation roadway floor (inner slope Angle 60°)

|

\

AN B AW} \WAN /BN

Apparent \
resistivity N
Bar
100

50

F15-15 fault F14-15 fault

Fig. 11 15,091 working face floor transient electromagnetic detection results
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ineffective, accounting for 60.7% of the overall weight,
indicating that the key structurally stable floor water control
layer can control water in most areas except for the F15-15
fault zone. In the area affected by the F15-15 fault, the key
layer will fail to block the mining stress and confined water.

In the key floor damage infiltration water control layer,
the index LT was effective, accounting for 18.8% of the over-
all weight, which indicates that the key layer can resist the
water pressure of the deep confined water. The P and FI
indexes were ineffective, accounting for 81.2% of the overall
weight. The P and FI indexes coincide at the F15-15 fault
zone, indicating that fault activation and fault water-filling
are likely.

According to the results of the AHP judgment matrix
and the analysis of influencing factors, in the non-faulted
region of the 15,091 working face, the ‘dual key layer’ has
the ability of water control, and the probability of floor water
inrush is very small. In the F15-15 faulted area, the ‘dual
key layer’ loses effectiveness, and the conditions for floor
water inrush exist.

(2) The verification

According to the mining situation of the 15,091 work-
ing face, when the working face advanced 404 m, passing
the F15-15 fault zone, 24 m3/h of floor water surged from
the transportation bottom roadway, and this flow remained
stable until the end of the working face. The water inrush
situation was consistent with the evaluation results.

Summary and Conclusion

According to the changes of the mechanics and hydroge-
ological properties of the floor key rock strata after floor
grouting, the coal seam floor was divided into two zones: a
‘water-conductive fracture zone’ and ‘mechanical strength
damaged zone’. The composite water control model of a ‘key
structurally stable floor water control layer’ and ‘floor dam-
age infiltration water control key layer’ was established after
grouting reinforcement of the uppermost subfloor aquifer.

MS technology was used to observe floor failure during
mining. In the normal region, the floor failure was mainly
affected by the mining stress of the working face and about
87% of the floor MS events occurred above the reinforced
L8 limestone, showing an ‘inverted saddle-type’ stress dis-
tribution. In the faulted region, about 88% of the floor MS
events occurred above the reinforced L8 limestone, but the
number of MS events below the floor failure zone to the L8
limestone bottom interface increased by 32% compared with
the normal region, indicating that the floor failure depth was
increased by the faults. The MS events distribution had the
shape of an ‘inverted triangle’ along the fault plane.
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The elastic modulus of the floor rock mass before and
after grouting was measured using the borehole ultrasonic
method. The elastic modulus of the different rock mass
after grouting reinforcement increased by 40-852%, respec-
tively. Without floor grouting, the bottom failure depth of
the experimental working face was 30.6 m, and the calcu-
lated bottom failure depth after reinforcement was 11.7 m.
The maximum plastic failure depth calculated by FLAC3D
numerical simulation method was about 17 m, and the MS
monitoring result was 15 m. The floor failure depth meas-
ured by the direct current method was 15 m. The results
show that the failure depth of the grouting reinforced floor
was about 51% below than without grouting.

The AHP method was used to weight the seven factors
that were believed to influence the floor water control ‘dou-
ble key layer’: the SR, SE, FA, and GRQ index of the key
structurally stable floor water control layer and the LT, P,
and FI index of the key floor damage infiltration water con-
trol layer. The weight of SR was 10.4%, the weight of SE
was 5.5%, the weight of FA was 60.7%, the weight of GRQ
was 23.4% layer, the weight of LT was 18.8%, the weight
of P was 8.1%, and the weight of FI was 73.1%. The results
pass the consistency check. In the ineffective scheme with
a dual key layer, fault activation (FA) and fault impact (FI)
had the greatest weight.

The AHP and influencing factors methods were used to eval-
uate the dual key layer’ water control capability of the experi-
mental working face. The results indicated that the floor ‘dual
key layer’ in the non-faulted area controls the water and prevents
a floor water inrush. In the faulted area, the floor ‘dual key layer’
is less effective and a floor water inrush is likely. The evaluation
results were consistent with the actual water inrush situation of
the working face.
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