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Abstract
Grouting reinforcement was used to safely and efficiently exploit the thick coal seam in the Jiaozuo coalfield. First, the 
water inrush possibility of the 11,050 working face was evaluated, using both the floor failure depth and the water bursting 
coefficient (T) methods. The estimated depth of the floor failure zone (h) ranged from 22 to 38 m, which is larger than the 
average distance between the floor-confined aquifer (L8) and the no. 2 coal seam. Additionally, the water bursting coefficient 
of L8(0.268) was much higher than the ultimate Ts(0.100). Thus, the evaluation showed that the L8 confined limestone aquifer 
had a high water inrush possibility. Innovative grouting methods and supporting facilities, such as dispersed pulping, repeated 
pipe fixation, and three-stage flange structure, were proposed to address the threat. Finally, both drilling and geophysics (i.e. 
DC method) indicated that the grouting reinforcement had been effective.

Keywords  Floor water inrush · DC electrical method

Introduction

The exploitation of coal resources in China is seriously 
threatened by water hazards, which have caused serious cas-
ualties and economic losses. It is estimated that more than 
50% of China’s major coal mines are threatened by water 
hazards (Ren 2015). Water hazards are mainly caused by 
poorly sealed boreholes and mining-induced fractures (Luo 
and Peng 2005; Zhang et al. 2004; Zhang et al. 2015; Zhao 
et al. 2015). Confined aquifers are the most common water 
inrush sources throughout China. Some investigations (Wu 
et al. 2004; Zhang 2005; Wang and Park 2003) have shown 
that using short-wall, room and pillar, or strip pillar min-
ing methods can reduce the risk of water inrush. However, 
over 90% of China’s underground coal mines use longwall 

mining. Thus, it is imperative to study the mechanisms of 
water inrush, especially those induced by confined aquifers, 
and preventive measures.

Methods used to evaluate water inrush possibilities 
include empirical formulas, numerical simulations, and 
theoretical analyses. Many statistical formulas were obtained 
to predict the depth of the destructive floor and to conduct a 
regression analysis (Xu and Yang 2013). In addition, crack 
connection and propagation models (Chen et  al. 2016) 
were used to obtain the hydraulic conductivity of deep rock 
formations to evaluate the risk of floor water inrush. The 
hydraulic conductivity can be used to characterize the water 
inrush coefficient, and thus, the direct current (DC) electric 
method for assessing the risk of water inrush was proposed 
(Lu and Wang 2015; Meng et al. 2012). It is understood 
that floor water inrush always occurs later than coal extrac-
tion, and this phenomenon is a gradual, time-related process. 
Some models are good predictors of water inrush zones, 
such as Fisher’s discriminant model (Chen et al. 2016).

There are two main ideas to prevent water inrush: one is 
to dewater the aquifer, and the other is to fill the cracks in 
the rock. Specific water inrush preventive measures include 
water pumping (pressure release) (Meng et al. 2018), ground 
treatment, underground grouting reinforcement (Hu et al. 
2019), and curtain grouting (Zhou et al. 2017). Extracting 
the water from the aquifer and reducing the water pressure 
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is the fundamental way to resolve the problem, but this can 
be difficult and expensive. Moreover, the large decrease in 
the groundwater level can consolidate and compress the rock 
and soil, thereby increasing the possibility of damage to the 
surface and the environment.

Grouting can replace the water in cracks, while also 
reinforcing the strength of rock formation. Moreover, this 
method has less impact on the water environment, especially 
near the surface. There are many factors that affect mine 
floor stability, including ground stress, formation pressure, 
mining scale, geological structure, and floor water pressure. 
The grouting program should be adjusted for different con-
ditions. The main method to reduce the risk of floor water 
inrush from coal mines is grouting, and many mines have 
used this approach. Li et al. (2017) put forward a grouting 
solution based on statistical analysis of borehole deviation, 
at a site where the aquifer was close to the coal seam. Two 
main factors (Sui et al. 2015) that affect the effectiveness 
of grouting are the initial water flow speed and the aper-
ture width. The grouting reinforcement techniques of these 
examples were mostly used at sites with a small aquifer 
water pressure and cannot be used when the aquifer pres-
sure is too large and close to the coal seam. It is important to 
study and improve grouting technology, especially grouting 
parameters.

The Zhaogu no. 2 coal mine is located in the Jiaozuo 
coalfield, where have been more than 500 water inrushes; 
the maximum water inrush amount reached 19,200 m3/h, 
which resulted in serious casualties and heavy property 
losses. Thus, there was a high water inrush risk to the 
11,050 working face, and so a full-floor grouting project 
was implemented before mining. However, there are very 
few sites where this approach has been successfully used 
with such extremely high floor water pressure.

Geology and Hydrology of the Study Area

Overview of the 11,050 Working Face

The Zhaogu no. 2 coal mine is located in the eastern Jiao-
zuo mining area, which is known for its abundant water 
and the high hydraulic pressure in the limestone layers 
close to its 2–1 coal seam. The Jiaozuo coalfield is located 
in northwest Henan Province, China (Fig. 1). The Zhaogu 
no. 2 coal mine is a modern mine with a production capac-
ity of 1.8 million metric tons per year. The 11,050 working 
face is ≈ 2131.9 m wide along the dip and 180 m long 
along the strike. The average thickness of the 2–1 coal 
seam is 6.32 m, the average dip angle is 5.5°, and the 
buried depth is 682 m. Full-seam, fully mechanized, and 
retreating mining methods are used at the working face.

Fig. 1   Location of the study 
area
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Structure of the 2–1 Coal Seam Floor

There are 3 main limestone aquifers in the 2–1 coal seam 
floor, i.e. the L8 limestone aquifer in the upper part of 
the Taiyuan group, the L2 limestone aquifer in the lower 
part of the Taiyuan group, and the Ordovician limestone 
aquifer (Fig. 2). Most of the rest of the floor strata are 
mudstone layers, with some thin sandstone layers. Addi-
tionally, the mudstone layers can be divided into 3 aqui-
clude groups, i.e. the immediate floor sand-mudstone 
aquiclude, the Taiyuan group mudstone aquiclude and the 
Benxi group aluminum mudstone aquiclude.

The L8 Limestone Aquifer

According to data from 30 boreholes within the 11,050 
working face, the L8 limestone aquifer is the most devel-
oped; it is 6.77–14.78 m thick (8.3 m on average), and is 
abundantly fractured. L8 is a medium water-rich aquifer with 
a static water level of + 80.49 to + 84.97 m. Its unit water 
discharge is 0.0005–0.059 L/(s m), and its permeability coef-
ficient is 0.0036–0.648 m/d. The distance between the L8 
aquifer and the 2–1 coal seam is 19.10–29.22 m (26.5 m on 
average). Its water pressure is ≈ 7.09 MPa. Obviously, L8 
is the most threatening floor aquifer to the 11,050 working 
face.

Fig. 2   Composite column of the 
11,050 working face floor Formation
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The L2 Benxi Group Limestone Aquifer

The L2 is 10.01–14.68 m thick, with an average of 12 m. 
Additionally, the thickness increases gradually from west to 
east within the mine area. The distance between L2 and the 
2–1 coal seam is 85.58–94.57 m (88.88 m on average), and 
it is ≈ 20 m from the top of the Ordovician limestone lay-
ers. The static water level of L2, which belongs to a strong 
water-rich aquifer, is now + 33 m to + 82 m. Its average unit 
discharge is 1.090 L/(s·m), and its permeability coefficient is 
9.87 m/d. The water pressure of the L2 limestone aquifer is 
7.63 MPa. Karst cracks are well developed in L2, and studies 
show that there is an obvious hydraulic connection between 
L2 and the strong water-rich Ordovician limestone aquifer. 
Thus, L2 is a key aquifer for the prevention of water inrush.

The Ordovician Limestone Aquifer

This aquifer is mainly composed of limestone and argilla-
ceous limestone layers in the Majiagou group. The Ordo-
vician aquifer is extensive, with a thickness ranging up to 
67.30 m in this hydrogeological area according to explora-
tory data from 9 boreholes. The buried depth of the Ordovi-
cian aquifer is 725.86–991.50 m, and it is 109.12–126.03 m 
(117.56  m on average) away under the 2–1 coal seam. 
The Ordovician aquifer has a relatively steady water level 
of + 79- + 85 m within the entire mine field, and its average 
water pressure is 9.01 MPa.

The Immediate Floor Sand‑Mudstone Aquiclude

This section refers to the layers that are located between 
the 2–1 coal seam and L8. The lithology of this aquiclude 
includes aluminum mudstone, sandy mudstone, and sand-
stone. It is 9.1–17.27 m thick with an average of 12.84 m. 
This section has a stationary distribution with good water-
resistant properties, but the stability of its water-resisting 
properties under the influence of mining deserves further 
study.

The Taiyuan Group Mudstone Aquiclude

This section is located below L8 and above L2. This section 
is 35.22–48.90 m thick, with an average of 43 m. This aqui-
clude is mainly composed of mudstone layers, with some 
thin sandstone and limestone layers.

The Benxi Group Aluminum Mudstone Aquiclude

This section is above the Ordovician aquifer and under L2 
and is 4.5–12.63 m thick. The lithology is mainly aluminum 
mudstone. It is well developed within the study area but is 
too thin to be significant.

Physical and Mechanical Properties of Floor Rocks

Hard and brittle rocks are prone to cracking under the stress 
caused by mining, but the cracks are not easily enlarged by 
high water pressure. In contrast, soft rocks will not easily 
crack, but plastic deformation will occur. There are even 
initial fissures and damage cracks; the soft rock layers have 
poor permeability because of the clay clasts between their 
structural surfaces. However, the cracks are easily enlarged 
by high water pressure. If the aquiclude is composed of 
hard and soft rock layers, the advantages of both are com-
bined and its water resistance is improved. According to the 
stress intensity factor, the cracks in hard rock formations 
tend to expand into soft rock formations, but the cracks in 
soft rock formations do not easily expand into hard rock 
formations. Therefore, the most favourable combination of 
lithology is soft rock formations on the top and bottom with 
a middle section that is interbedded with soft and hard rock 
formations.

As seen from Fig. 2, the lithology of the 2–1 coal seam 
floor from top to bottom in the Zhaogu no. 2 coal mine is 
sandy mudstone, fine sandstone, sandy mudstone, limestone, 
medium sandstone, sandy mudstone, mudstone, and lime-
stone. This lithology combination basically coincides with 
the above rule and provides favourable conditions for pre-
venting water inrush from the floor aquifers.

According to the drilling statistics, the rock quality des-
ignation (RQD) of the mudstones is 44.3–66.8%, and that of 
the sandy mudstones and sandstones is 31.9–100%. There-
fore, the integrity of the floor rock strata in the 11,050 work-
ing face is good. The lithological rock mechanical indicators 
of the coal and floor rock mass are listed in Table 1.

From Table 1, we can see that the mechanical strength of 
the floor rock is obviously different under dry and saturated 
conditions. The strength of the mudstone and sandy mud-
stone obviously decreases after absorbing water, which is 
unfavorable for water inrush prevention of a floor broken by 
mining activities.

Assessment of Floor Water Inrush

Possibility of Water Inrush Based on the Floor 
Failure Depth

Experience Formula Method

During coal seam mining, the original stress state is 
changed, resulting in cracks in the floor rock and ground-
water bursting through the cracks. Therefore, it is important 
to calculate the depth of the floor failure zone. The study 
shows that the main factors affecting the depth of the fail-
ure zone include the buried depth H, coal seam angle α, 
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working face inclined length L, mining height M, floor rock 
destruction intensity, and structure. At present, the methods 
for calculating the depth of the failure zone mainly include 
the statistical equation, the fracture mechanics equation, 
and the plastic mechanics method. The statistical equation 
is obtained from the measured data collected from various 
mines and is widely used in China (State Bureau of Coal 
Industry 2000):

where h1 is the floor failure depth, H is the buried depth of 
the coal seam, L is the length of the working face, and α is 
the angle of the coal seam. Taking 682 m for H, 5.5° for α, 
and 180 m for L, the floor failure depth of the 11,050 work-
ing face was estimated as: h1 = 21.78 m.

Plastic Mechanics Method

Figure 3 shows the floor failure zone of the longwall working 
face during mining. W and h2 are the plastic zone width and 
the maximum floor failure depth (W), respectively. Accord-
ing to the theory of plastic mechanics, W and h2 are derived 
as follows (State Bureau of Coal Industry 2000):

(1)h1 = 0.0085H + 0.1665� + 0.1079L − 4.3579

where n is the maximum stress concentration factor, m is 
the mining height, H is the buried depth of the coal seam, 
γ is the rock mass density, Cm is the cohesion of coal, φ is 
the internal friction angle of coal, φ0 is the average internal 
friction angle of floor rock mass, and K is short for (1 + sin 
φ)/(1−sin φ).

According to Table 1, taking φ as 28°, n as 1.6, Cm as 
1.05 MPa, m as 6.5 m, γ as 25.48 kN/m3, and H as 682 m, 
the plastic zone width can be calculated using Eq. (2): 
W = 18.89 . Therefore, using Eq. 3, and φ0 = 37°, we can 
obtain the maximum floor failure depth: h2 = 37.03 m.

Table 2 shows the results of the floor failure depth of 
the 11,050 working face using different calculation equa-
tions. The average distance between floor L8 and the 2–1 
coal seam is 25.5 m, while the depth of the failure zone 
is expected to range from 21.78 m to 37.03 m. The floor 
failure zone may extend to the L8 aquifer, so there was a 
significant possibility that the water from L8 could rush 
into the 11,050 working face. The distance between L2 
and the 2–1 coal seam is much larger than the maximum 
floor failure depth of the 11,050 working face, so a direct 
water inrush from L2 is less likely. However, L8 may some-
how connect with L2 through faults or other fracture struc-
tures. Thus, L8 is the key stratum that determines whether 
a water inrush occurs.
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Table 1   Rock mechanics index of the 11,050 working face floor

Lithology Compressive strength (MPa) Tensile 
strength (MPa)

Softening coefficient Internal friction angle (°) Cohesion (MPa)

Dry Saturated

Coal 8.32 / 0.13 / 28°01′ 1.05
Medium Sandstone 36.0–44.0 16.4–20.8 2.0–2.7 0.45 35°10′ 7.2
Fine Sandstone 35.6–68.4 23.2–48.0 1.2–2.3 0.59–0.65 35º45´–36º47´ 5.5–8.1
Siltstone 40.8–84.0 24.8–43.6 1.8–3.3 0.52–0.66 30º45´–40º23´ 7.5–11.0
Mudstone 23.3–29.2 5.2–11.2 0.8–1.0 0.31 32º36´ 5.0
Sandy Mudstone 15.2–31.2 4.4–14.0 0.3–1.5 0.30–0.40 32º06´–36º07´ 4.1–5.3

h2
a

b
c

W

Fig. 3   Failure diagram of coal seam floor with pressure: a-active fail-
ure zone (Rankine zone). b-transitional zone. c-passive failure zone 
(passive Rankine zone)

Table 2   Estimated results of the floor failure depth

Calculation Empirical Formula Plasticity Mechanics

Depth of failure zone (m) 21.78 37.03
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Possibility of Water Inrush Based 
on the Water‑bursting Coefficient

The water-bursting coefficient (T) is defined by the water 
pressure bearing capacity per unit thickness of the floor 
aquiclude, and is an important parameter in the floor water 
control. The equation of the water inrush coefficient is 
derived as follows (State Bureau of Coal Industry 2000):

where P is the water pressure from the confined aquifer, 
and M is the thickness of the waterproof strata. Taking the 
floor failure depth into account, Eq. (4) can be changed 
as follows:

where h is the depth of the floor failure zone.
The critical water-bursting coefficient (Ts) is the maxi-

mum water pressure that can be sustained by the efficient 
thickness of the floor strata. If the calculated result of the 
water-bursting coefficient is less than the critical water-
bursting coefficient (T < Ts), the floor is considered to be 
stable, and the possibility of water inrush is small. How-
ever, if T ≥ Ts, the floor is unstable, and the possibility of 
water inrush increases. Ts is derived from water inrush 
records of many mines across China, and some of the val-
ues are shown in Table 3. It is important to remember 
that the Ts data in Table 3 were calculated by Eq. (4). In 
this paper, we take 0.060 as the initial Ts and 0.100 as the 
ultimate Ts. If T is larger than the ultimate Ts, measures 
must be taken.

The T values of the L8, L2, L3 and the Ordovician 
aquifers were estimated using Eqs. (4) and (5) (Table 4). 
As expected, the floor failure depth is greater than the 

(4)T =
P

M

(5)T =
P

M − h

distance between L8 and the 2–1 coal seam, so the T value 
of L8 (0.268) is much higher than the ultimate Ts (0.100), 
which means that there is a high water inrush possibility 
from the L8 aquifer. We can also see from Table 4 that the 
T values of the L2 and Ordovician aquifers are 0.086 and 
0.077, respectively, which means that the probability of 
water inrush from the L2 or Ordovician aquifers is high, 
but not necessarily absolute. Through this analysis, we 
understand that L8 is the key grouting target and that rein-
forcing L8 will reduce the water inrush risk from L2 and 
the Ordovician aquifer.

Possibility of Water Inrush Based on Drilling

During the gateway excavation, some holes were drilled to 
test the water quantity and water pressure of the floor-con-
fined aquifers. Some of the results are shown in Table 5.

For the Zhaogu no. 2 coal mine, it was considered safe 
if the water flow of each detection hole was less than 10 
m3/h; otherwise, measures must be taken to address the 
water inrush risk. We can see in Table 5 that the water 
inflow of each detection hole was much higher than 10 
m3/h. Additionally, the largest water inflow of L8 was 
approximately 33.30 m3/h.

The above analysis shows that the risk of water inrush 
from the floor is high. The mining height leads to a large 
floor failure depth, and the resulting cracks are more likely 
to be connected to the aquifer. So, the full-floor needs to 
be grouted and reinforced to fill the cracks and reduce 
the aquifer water pressure; the only other safe alternative 
would be to reduce the mining height.

Table 3   Critical water-bursting 
coefficient in some Chinese 
mine areas

Mining area Fengfeng and Handan Zibo Jiaozuo Jingxing

T (MPa·m−1) 0.066 ~ 0.076 0.060 ~ 0.140 0.060 ~ 0.100 0.060 ~ 0.150

Table 4   T values of the L8, L2, L3, and Ordovician aquifers

Aquifer P (MPa) M (m) h (m) T (using 
Eq. 4)
(MPa·m−1)

T (using 
Eq. 5)
(MPa·m−1)

L
8

7.09 26.5 37.03 0.268 /
L
2

7.63 88.88 37.03 0.086 0.147
Ordovician 9.01 117.56 37.03 0.077 0.112

Table 5   Detection data of some test holes

Hole no. Water inflow 
(m3/h)

Water pressure 
(MPa)

Aquifer

T01-01 66.30 7.60 L2

T01-02 11.82 6.99 L8

T02-01 32.06 7.03 L8

T02-02 14.25 6.98 L8

T03-01 27.89 7.01 L8

T04-01 33.30 7.01 L8

T05-01 12.87 6.98 L8

T05-02 76.28 7.62 L2

T06-03 49.44 7.61 L2
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Grouting Reinforcement Technique

“Pore‑fractured Lifting Type” Model

Based on the fracture fragmentation and connectivity of 
floor rock, “pore-fractured lifting type” model (Xu and Li 
2014) divides a rock mass into four types (see Fig. 4): a 
complete water-tight rock mass (type I), a non-connected 
fractured rock mass (type II), a connected fractured rock 
mass (type III), and a broken rock mass (type IV).

The reservoir space of a type I rock mass is mainly 
matrix pores, so this type of rock mass can be regarded as 
homogeneous and waterproof, e.g. an intact shale layer. 
There may be some secondary cracks in a type II rock 
mass, but the cracks, which are mainly caused by tectonic 
movements, are unconnected. Therefore, a type II rock 
mass has a high water storage capacity but low permeabil-
ity. In a type III rock mass, the cracks are both abundant 
and connected. Type III rock layers, most of which are 
natural strong aquifers, have a large water storage capac-
ity and high permeability. Formed under the disturbance 
of large tectonic movements or mining activities, type IV 
rock masses are highly fractured. There are both main frac-
ture zones and ancillary fracture zones for water flow in a 
type IV rock mass, so it is highly permeable.

Mining can increase the rock type in a rock mass; for 
example, type I, II or III rock masses can be changed into 
a type IV rock mass by mining. Grouting reinforcement 

can be used to improve the water-resistance of a rock mass, 
by filling the rock fracture with slurry. Thus, grouting can 
lower the rock type of a rock mass; for example, type II, 
III or IV rock masses can be changed into a type I rock 
mass by grouting.

For this project, the floor layers of the 2–1 coal seam 
were classified based on the drilling results. The rock masses 
in the L8, L2 and Ordovician strata were classified as type 
III. The immediate floor sand-mudstone was type I, but 
likely to be raised to type IV by mining. The mudstone rock 
masses in the Taiyuan and Benxi groups have good struc-
tural integration and are type I. Therefore, the grouting goals 
were to decrease the L8 rock mass type and strengthen the 
physical and mechanical properties of the immediate floor 
sand-mudstones.

Project Design for Full‑floor Grouting

Considering the previous analysis along with an economic 
feasibility analysis, L8 was the key grouting object, and L2 
was the key prevention target. Therefore, the vertical height 
of the grouting was designed for the ceiling of the L2 stra-
tum, in which the water pressure was too high to control if 
the grouting boreholes contacted it. The distance between 
L2 and the 2–1 coal seam was 85.6–104.6 m. The largest 
vertical distance of a borehole below the 2–1 coal seam was 
≈ 85 m and the largest horizontal distance was 30 m from 
the working face gateways.

Fig. 4   Types of rock mass. a 
Type I. b Type II. c Type III. d 
Type IV

(a)Type I (b)Type II

(c)Type III (d)Type IV

Cranny

Batholite

Fracture
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Grouting pressure is affected by many factors, such as 
hydrogeological conditions, hydrostatic pressure, aquifer 
permeability, and aquifer water flow rate. Based on experi-
ences in many parts of China, such as Jiaozuo, Fengfeng 
and other mining areas, the grouting pressure in these areas 
was adjusted to be 2–3 times the hydrostatic pressure of 
the aquifer. The water pressure of the L8 limestone aquifer 
was 7.09 MPa in the Zhaogu no. 2 coal mine. The designed 
grouting pressure was twice the pressure in L8 that is, 
14.18 MPa; therefore, the practical grouting pressure was 
set at 15 MPa.

Clay cement consists of 80% clay and 20% cement. The 
specific gravity of the clay slurry was 1.10–1.18, and the 
sand content was less than 5%. When the mud leakage 
exceeded 20% of the grouting amount, kelp, soybean, and 
sawdust were also used to fill large cracks.

According to the previous site test results, the average 
diffusion radius of grouting slurry was ≈ 20 m. To ensure 
adequate grouting reinforcement of the 11,050 working face, 
42 drilling sites in total were arranged in both the head-
entry and the tail-entry. The distance between the two sites 
was 100 m. Each site was 5 m long, 5 m wide, and 3.8 m 
high. Ten drilling holes, including eight injection holes and 
two test holes, were designed in each area. Figure 5 shows 
the drill hole arrangement for the first 500 m of the 11,050 
working face. We can see that 12 drilling sites and 137 holes 
were constructed, and that the average length of each hole 
was ≈170 m.

Implementation of the Floor Grouting 
Reinforcement Project

To guarantee grouting quality under high water pressures, 
some new grouting methods were used, such as dispersed 

pulping, transport by thin pipe, and repeated pipe fixation. 
These terms are described below.

System of Grouting

To ensure the quality of the cement slurry and enhance the 
ratio elasticity of the cement and clay slurry, the dispersed 
pulping technique was used in the Zhaogu no. 2 coal mine. 
Different from the more widely used long-single-hole direc-
tional grouting, the dispersed pulping method requires a lot 
of short drilling holes. This ensures that the grout reaches 
the entire grouting area. This involved making the cement 
and clay slurries separately in high-speed vortex pulper (we 
used Xinyan Mining Mechanical Equipment Co.’s. model 
ZJ-400X), and then mixing them in varying proportions in 
accordance with the grouting requirements. There are many 
advantages to this technique, such as a smooth slurry, strong 
fluidity, no bubbles in the slurry, and a large diffusion range. 
The density of the slurry was controlled between 1.1 and 1.7 
ɡ/cm3, and 8.8 tons of slurry could be produced per hour.

To prevent plugging and ensure continuous grouting 
operations, the inner diameter of the grouting pipes was 
changed from 120 to 60 mm. Thus, the running velocity of 
the slurry was accelerated, which reduced precipitation and 
plugging in the pipes. Both the grouting steel pipe and the 
steel-wire hose could withstand high pressures; for example, 
the compressive strength of the steel-wire hose was greater 
than 20 MPa. The grouting pipes were fixed on the opposite 
side of the roadway to avoid harming walking workers if 
leakage occurred.

A three-stage flange structure (see Fig. 6) connected 
each flange in a chain to enhance the compression and 
tensile strength and to prevent pipe cracking, deforma-
tion, and leakage under high water pressure conditions. 

30m

U18’

Grouting Hole Test Hole Drilling Site Open-off Cut Diffuse Boundary Holes

30m

11050 Working Face

b

a

a 
- b

2-1 coal L8 L2

D17 D18 D19 D20 D21
D22

U17 U18 U19 U20 U21 U22

Fig. 5   Layout of grouting holes in the first 500 m of the 11,050 working face
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Additionally, the repeated pipe fixing method was used; 
this means that fact that the pipes were affixed to the hole 
wall three times as much as usual, using sodium silicate 
or cement paste after each pipe was installed. Together, 
these two methods guaranteed that the pipes could sustain 
a grouting pressure of 15 MPa.

Process of Ultra‑High Pressure Grouting

The grouting process of one grouting hole can be sum-
marized as follows: hole flushing, grouting, solidification, 
hole sealing and examination (Fig. 7). The grouting effect 
can be evaluated by using the aquifer permeability coef-
ficient K, which is calculated by the Dupuit formula,

where Q is drilling water inflow;R is the radius of influ-
ence when pumping water; r is the drilling radius; m is 
aquifer thickness; and s is the water table reduction.

First, the finished grouting hole was flushed with fresh 
water before grouting to reduce the quantity of rock pow-
der and fragments. Second, the main process of grout-
ing was carried out. The slurry density was adjusted and 
stabilized at ≈ 1.30 g/cm3 before grouting. Additionally, 
the standard of qualified grouting was that the injection 
pressure had to be stabilized at 15 MPa. Third, the injec-
tion valve was closed after grouting and the slurry was 
allowed to solidify for at least 30 h. Fourth, the grouting 
effectiveness was tested by drilling a hole to the bottom 
again. Based on site experience, the water inflow (q) had 
to be less than 0.2 m3/h; otherwise, the grouting and sub-
sequent operations were carried out again. After all of the 
grouting holes in one site were qualified, the test holes 
were constructed. The standard for this test hole was that 
water inflow had to be less than 10 m3/h. Finally, all of 
the grouting and test holes were sealed with a cement-
silicate (CS) slurry. The sealing quality was good if the 
water inflow was less than 0.2 m3/h from the hole after CS 
solidification. Otherwise, the holes had to be sealed again 
until they met this requirement.

(6)K = 0.366Q
lgR − lgr

m × s

Fig. 6   The three-stage flange 
structure
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Validity Test of the Grouting Reinforcement

Both geophysical technology and drilling exploration were 
performed to test the grouting effects of the 11,050 working 
face floor. The common approach in geophysical prospecting 
is the direct current (DC) electric method, which is highly 
effective in detecting water-rich areas. Drilling is the most 
direct and accurate method to test the quality of floor grout-
ing reinforcement.

DC Electric Method

The DC electric method is based on the difference in con-
ductivity between the rock layers. By manually supplying 
a stable current to the ground, the law of the earth current 
field is observed to determine the characteristics of the geo-
logical structure. In the DC detection results, low-resistance 
anomaly areas mainly indicate areas where the rock forma-
tion is broken, a fracture is developed, or the water-abun-
dance is strong. We used the Xi’an Research Institute of 
China Coal Technology and Engineering Group’s model 
YD32(A). Three DC tests on the 11,050 working face floor 
were carried out, once before and twice after grouting. The 
test results are shown in Fig. 8.

From Fig. 8, we can see that three areas experienced low 
electrical resistivities from the first test data on November 
20, i.e., zone A (1640–1740 m from where mining stopped), 
zone B (1800–1940 m) and zone C (1970–2010 m). The 
areas of low electrical resistivity in zones A and B were 
large and located below L8. It is believed that the L8 was rich 
in water in zones A and B; this may be strongly related to 
water in L2. The area of zone C was small, and the depth was 
relatively shallow. It is believed that the hydraulic connec-
tion between zone C and L2 was weak. It also demonstrated 
that the rock mass of L8 was initially type III.

Two grouting effectiveness tests were carried out on Nov. 
20 and 24, 2015, respectively. The second DC test after 
grouting was done when the mining working face advanced 
to 120 m. The results show that the electrical resistivities in 
zones A, B, and C were highly enhanced, indicating that the 
grouting had been effective. The state of the rock mass of L8 
was strengthened to type I from type III. However, new areas 
of low electrical resistivity appeared. Among them, the loca-
tion of zone D (1710 m) coincided with zone A, but both the 
width and the depth of zone D were much less than those of 
zone A. Therefore, the water content in zone D was small but 
not completely null after reinforcement. The areas of zones 
E (2100–2160 m) and F (2000–2030 m) were relatively 
large, but the depths of both zones were relatively shallow, 

Fig. 8   DC test results along the head-entry of the 11,050 working face
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especially zone E. However, zone E is located at the intersec-
tion of the open-off cut and the no. 22 drilling site, where 
floor deformation was large. Therefore, the analysis suggests 
that the low electrical resistivity of zone E was caused by 
infiltration of water from the drilling site. Additionally, the 
test data showed that zone F was relatively deeper, but that 
the water content was small. More importantly, this area was 
close to the working face and did not show a low electrical 
resistivity during the first test period. It is believed that zone 
F was caused by water infiltration from the head-entry and 
fracturing of the rock mass in zone F; mining had changed 
the state of zone F from type I to type IV.

Drilling Exploration

After all of the grouting projects were finished in the affected 
areas, at least two test holes were drilled in each drilling site 
to determine the effectiveness of the grouting reinforcement. 
As mentioned previously, it was considered safe if the water 
flow of a single test hole was less than 10 m3/h. A total of 
27 testing holes were drilled in the first 500 m area from the 
open-off cut. The test results are shown in Table 6.

Table 6 shows that the largest water inflow was 7 m3/h 
(D21-11 hole), and the smallest was 0.1 m3/h (U17-5 hole). 
Water inflows at all test holes were under 10 m3/h and clearly 
reduced compared with those listed in Table 5. Addition-
ally, no floor water inrush occurred during production of the 
11,050 working face, which meant that the grouting rein-
forcement was successful, despite the large mining heights 
and high water inrush risk.

Summary and Conclusions

There have been too many floor water inrush accidents in 
the Jiaozuo mining area due to the high hydraulic pressure 
of floor limestone layers. The 11,050 working face, with 

a mining height as large as 6.32 m, had a high floor water 
inrush risk from the L8, L2, and Ordovician limestone aqui-
fers. The high mining height leads to a large floor failure 
depth, and the resulting cracks are more likely to be con-
nected to the aquifer. In order not to reduce the mining 
height to ensure safe coal mining, the full-floor needs to 
be grouted and reinforced to fill the cracks and reduce the 
aquifer water pressure. The floor grouting reinforcement 
of the 11,050 working face were comprehensively studied, 
including assessments of the water inrush possibility, the 
design of grouting technical parameters, and evaluation of 
grouting effectiveness.

Floor failure depth estimation and water bursting coef-
ficient analysis demonstrated that there was a high water 
inrush possibility because the estimated depth of the floor 
failure zone ranged from 21.78 m ~ 37.03 m, which was 
larger than the average distance between L8 and the no. 2 
coal seam. In addition, the T value of L8 (0.268) was much 
higher than the ultimate Ts (0.100).

According to the geological conditions and the preced-
ing analyses, the L8 limestone, which belongs to a type III 
jointed rock mass, was the key grouting target. The designed 
range of the grouting area was 85 m deep below the 2–1 coal 
seam and 30 m wide outside of the working face borders. 
The practical grouting pressure was no less than 15 MPa. 
Clay and cement were the main dry materials of the grout-
ing slurry. To guarantee the grouting quality under a high 
water pressure, some new grouting methods were used, such 
as dispersed pulping, transport by thin pipe, and repeated 
pipe fixation.

Finally, both drilling and DC methods showed that the 
water inrush probability of the 11,050 working face was sig-
nificantly reduced, indicating that the grouting reinforcement 
was successful, despite the large mining heights and high 
water inrush risk. Most importantly, no floor water inrush 
occurred during production.
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