Carbonates and Evaporites (2021) 36:16
https://doi.org/10.1007/513146-021-00675-z

ORIGINAL ARTICLE q

Check for
updates

Comprehensive exploration, safety evaluation and grouting of karst
collapse columns in the Yangjian coalmine of the Shanxi province,
China

Zhimin Xu' - Yajun Sun' - Shang Gao' - Hongying Chen' - Minghao Yao' - Xin Li’

Accepted: 20 January 2021 / Published online: 25 February 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

Karst Collapse Columns (KCC) are special geologic structures in the Carboniferous-Permian coalfields of the northern
China. It is easy to generate severe water inrush accidents during mining activities, which can cause many casualties and
property losses. To evaluate the impact of the KCC on the coalmine during the excavation and exploration of the Panel 90102
at the Yangjian Coalmine, the Shanxi Province, five KCC were detected by combining geophysical exploration and drilling
information and by considering the Ordovician limestone aquifer analyses of water pressure, aquifer thickness, water-content
conditions, electric conductivity, and the physical properties of the rocks. The hydrogeological characteristics of the five
collapse columns (CC) are determined, which helped evaluate the impact of each collapse column’s water pressure on the
Panel 90102. For the sake of solving the threat of water inrush from the five CC, two of them were grouted and consolidated
to prevent the Ordovician aquifer water from flowing into the Panel 90102. The results have greatly improved the safety of

the roadway advancing and mining activities in the Panel 90102.
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Background

Coal is a common-used energy source and overexploita-
tion in China. Mining operations safety is a big problem,
for example, water inrush in the coal mine face. At present,
great progress has been made in the research on mining fail-
ure of overlying strata and mechanism of coal mine water
inrush in coal mines (Zhao et al. 2014; Guo et al. 2016; Liu
et al. 2018; Wang et al. 2019a; Yin et al. 2019). However, the
study of coal mine karst collapse columns is still absent. In
the coal mines of northern China, the Ordovician limestone
aquifer, which has a high confined water head and the water
flow is controlled by faults and karst collapse columns, is
the main factor affecting the coal seams. Mining activities
can transform the aquifer into an underground channels for
the water-bearing rock, endangering mine safety (Wu et al.
2016). Statistical data show that karst collapse columns exist
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in 45 coal mines and more than 20 large coal fields in China.
Take the Fangezhuang Coalmine in Kailuan for an exam-
ple that shows the dangers of karst collapse columns. Due
to the exposure of the collapse column, the most serious
water inrush accident in the history of the world’s coalmin-
ing occurred in 2171 plane of the mine in 1984. The maxi-
mum water inflow into the mine was 123,180 m>/h, and three
coalmines were flooded near the area. This resulted in more
than 1 billion yuan economic losses (145 million US$), and
the loss of coal production of nearly 8.5 Mt (Zhong et al.
2001). Because the exposure of a hidden collapse column
during the excavation of coal roadway, another water inrush
accident occurred in the Luotuoshan coalmine, Wuhai, Inner
Mongolia, March 1, 2010. 70 min after the water inrush, the
water volume of the submerged roadway was 67,000 m3,
and the peak rate of the water burst was 60,036 m>/h, which
caused 31 deaths (Zhang et al. 2015).

Karst collapse columns are commonly found in the north-
ern China and seriously threat mining activities. Since the
1960s, hydrogeologists have been studying the causes, for-
mations, distributions and detection means of karst columns
in China. For the formation of the collapse column, the four
recognized causes are gravity collapse, gypsum erosion,
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vacuum erosion, and hydrothermal genesis (Palmer et al.
1991; Marinezt et al. 1998; Hatzor et al. 2002; Li et al.
2008). Generally, the formations of karst collapse columns
are: from the gap to the dissolved hole to the cave, and
finally to the collapse of the cave. The formation of caves is
the important and prerequisite for karst collapse columns (Su
et al. 1997). Many scholars have summarized four essential
material conditions for the development of karst collapse
columns: soluble rock layers; saturated water quality; good
groundwater channels; groundwater discharges that exacer-
bate groundwater alternation (Yin et al. 2004). Detection and
prediction of collapse columns mainly involve two aspects
in China (Cao et al. 2012; Yang et al. 2016): (1) geophysical
exploration, such as the use of radio-wave detection, survey-
ing potential collapse areas using the direct-current method
and transient electromagnetic method, hydrogeological
anomalies can be examined using advanced geophysical
methods based on reconnaissance studies. (2) Geophysical
methods can be combined with on-site drilling to verify the
geological anomalies, enabling accurate control of the mine
area surrounding collapse column. Basic research is car-
ried out to investigate the development and mechanism of
formation of collapse columns, water inrush, the structure
of rock and surrounding rock. To study the water inrush
affected by the karst collapse column, laboratory simulation
tests and numerical simulations are performed to explain the
structural characteristics and development of the collapse
column. Based on geophysical data and study results, dam-
age control methods such as injected grouting transforma-
tion and leaving water pillars (Liang 2015) have been used
to prevent and mitigate karst collapse column water damage.

This paper focuses on the impact of karst collapse col-
umns on the mining safety of Yangjian Coalmine. Combi-
nation of geophysical and drilling exploration methods to
identify collapse columns, assess the risk of water inrush
from the coal seam floor and accumulate water in old empty
areas that affect coal mine safety production. Preliminarily
judge the water conductivity of the structure, the water rich-
ness of the coal rock layer, and grout the dangerous collapse
columns.

Hydrogeology of the study area

Due to the NNE uplift to the Taihang Mountain fault, the
karst water systems of Shanxi plateaus have large-scale
limestone exposed. The exposed area of every karst water
system is generally 1000~2000 km?. Karst collapse columns
are distributed in the Carboniferous-Permian coal fields in
North China, and the total number of karst collapse col-
umns currently discovered has exceeded 10,000, of which
about 90% are concentrated in some coal fields between
the coast of Fenhe River in Shanxi and the eastern foot of
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Taihang Mountain. There are only a few sporadic distribu-
tions in the remaining coal fields, and a small number of well
fields have not yet found karst collapse columns (Yin et al.
2019). The groundwater always moves deep along the cracks
between layers and is controlled by the relative position of
the recharge and drainage areas. Therefore, fault locations
that are consistent or close to the direction of the rock forma-
tion and recharge to the drainage area, groundwater move
smoothly and circulation depth is also large. The study area
is on the runoff zone with karst development and abundant
water, and the Ordovician limestone karst water is generally
thick, buried deep, and rich in water. It is a hidden aquifer
that threaten the Carboniferous-Permian coal seam, espe-
cially at large structure region and small structure fracture
zone of the mining area, the Ordovician limestone is strong
water-rich karst aquifer with the upper-Carboniferous coal
seam or hydraulic connection through the fracture zone that
poses a huge threat to mining activities. Studying the devel-
opment rules of karst and the characteristics of subsidence
columns are the keys to prevent and control mine water, and
it also provides theoretical basis for liberating coal reserves.

The Yangjing Coalmine is located in Shuozhou City,
northern Shanxi Province, China (Fig. 1), the river in this
area belongs to Sanggan River system in Haihe River Basin.
The mining area is one of the arid regions in Shanxi with
less precipitation, and the multi-year average rainfall from
1957 to 1984 is 433 mm, and the drought index is 3.46. This
is a loess hilly area with strong terrain erosion and cutting,
ravines and valleys developed, the bottom of the loess layer
is mostly the Pliocene lacustrine red clay deposits, which
has a certain water blocking effect and affects atmospheric
precipitation. The gully is cut to the Shihe Formation bed-
rock, which has the effect of draining groundwater, the loess
cover of the Luzigou anticline is thin, the bedrock is buried
shallow, and cracks are developed, and it is better to accept
atmospheric precipitation recharge.

This area is located between the Ma Ying strong run-
off zone of the Ordovician and Cambrian karst groundwa-
ter in the Shentou karst spring area. The elevation of the
water level of the Shentouquan group is 1058.2 ~1063.4 m.
According to observations since 1956, the annual average
flow 7.648 m?/s, the average spring discharge was 5.52 m*/s
from 1980 to 2003. In 2005, the spring discharge was 4.70
m?/s. The elevation of the ash karst groundwater level in the
eastern part of the Maguan River is 1055.79 ~ 1065.24 m.
The groundwater flows from the northeast and northwest,
converging to the Shentou Spring, karst is generally devel-
oped, the water-rich type is medium to very strong, and the
water quality is excellent.

The Danshui ditch fault is the main geological feature in
the region, while secondary faults are also common. Gener-
ally, the geological and hydrogeological conditions in the
area are complex, leading to the development of collapse
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Fig. 1 Location of the Yangjian
Coalmine
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and ensure safe mining operations.
Geophysical exploration methods

Geophysical techniques have wide applications (Nabighian,
1988, 1991; Essa et al. 2008; Um et al. 2010; Mehanee
2015; Rajab and Tarazi 2018; Mehanee et al. 2020). In
recent years, geophysical techniques have become more

Fig.2 Hydrogeological column of the generalization of Yangjian
Coalmine

common in studies of collapse columns (Liu et al. 2009,
2014; Du et al. 2016; Yin et al. 2018). The electromagnetic
wave perspective method (Dong et al. 2003; Dennis and Cull
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2012; Jiao et al. 2014) has been used for surveying the study
area. The principle is the use of electromagnetic waves to
detect anomalies in the subsurface (Mehanee and Zhdanov
2002, 2004; Wannamaker et al. 1984; Pellerin et al. 2005,
2007). Rocks exhibit different electrical properties (resistiv-
ity and dielectric constant) depending on their composition
content (Kamenetsky and Trigubovich 2011; Kozhevnikov
and Antonov 2018; Tiwari et al. 2018). The level of absorbed
electromagnetic energy will change, with low-resistivity
rock having higher absorbance of electromagnetic waves
than high-resistivity rocks. When the wave encounters the
interface of a fault structure, the electromagnetic wave will
be reflected or refracted at the interface, resulting in energy
loss. In mine geology, if electromagnetic waves emitted by
the transmitting source encounter a fault, collapse column,
water-bearing fracture, coal seam thinning area or any other
structure as they propagate through the coal seam, the wave
energy might be absorbed or completely shielded. The moni-
toring receiver will receive a weak signal or no signal, which
is interpreted as an anomaly, indicating the possible location
and range of an anomalous body. When encountering abnor-
mal points, sudden points, repeat observations, and encrypt
the measurement points if necessary; when the instrument
fails, find out the cause in time, and return to the measured
points for repeated observations. After confirming that the
performance of the instrument is normal, you can continue
to observe; after each observation point is completed, the
operator should respond to the data and curve. Carry out a
comprehensive inspection and move the station after pass-
ing the test.

Transient electromagnetic is a reasonable and effective
geophysical detection method to detect water accumulation
in goafs, structural conductivity and water abundance.

(1) The use of large wireframes for transient electromag-
netic detection of goafs on the ground has the advan-
tages that underground detection cannot have (Meju
et al. 2000; Asten et al. 2012; Yang et al. 2014; Liang
and Qian 2011). It is not necessary to consider explo-
sion protection on the ground, and high-power trans-
mitting instruments can be used, which can effectively
suppress interference. At the same time, the directiv-
ity of the small wire frame emitted by mine transient
electromagnetic method can be used to detect advance
detection of the roadway heading, vertical and horizon-
tal of the water-containing anomalous body within a
certain depth below the floor of the roadway. Combin-
ing surface and underground transient electromagnetic
detection, surface and point exploration crosses, so that
geological anomalies can be accurately and scientifi-
cally divided.

(2) Downbhole tracking and excavation detection, by col-
lecting the hydrogeological data of the excavated

@ Springer

roadway in time, and then making necessary param-
eter corrections, and strive to continuously improve the
detection accuracy (Combrinck 2001; Bao et al. 2004;
Xue et al. 2007; Wojciech et al. 2011; Sharlov et al.
2017). After completing the detection task from left
to rear after head-on, should also press top-to-bottom
(45°, 30°, 15°, 0°, — 15°, — 30°, — 45°) at center of the
head-up direction to collect a set of data on vertical
section of the head to assist the data processing and
interpretation in front of the head.

(3) The downhole measurement device is closer to target
body, which will greatly increase intensity of induc-
tion signal of anomalous body; the cause of errors that
occurred during previous detection are basically due to
the metal interference at detection site (Wiggins et al.
1994; Zhihai et al. 2010; Xiong-Wu et al. 2013).

Drilling exploration methods

Exploration drilling is the most direct method of mine
water-hazard exploration and it can also reveal water-rich
anomalies (Wei et al. 2018; Yin et al. 2019a). Drilling can
determine the composition and physical properties of strata,
including water conductivity, thus leading to early detec-
tion of a developing collapse column and enabling a com-
prehensive risk assessment of columns. At the same time,
core drilling can reveal other hydrogeological conditions and
water sources, providing useful information for mitigating
water-triggered threats to the safety of coal mining area (Li
et al. 2011b).

An important means of exploration and development of
groundwater during hydrogeological drilling, the purpose
of which is to further accurately determine the burial con-
ditions of aquifers, groundwater movement laws, and the
quality and quantity of aquifers based on hydrogeological
mapping of entire region. Provide necessary evidence for the
development and utilization of groundwater and the preven-
tion and control of groundwater (Hyne 1984; Zacny et al.
2008; Shi et al. 2013; Saikia and Sarkar 2013).

The drilling conditions of Panel 90102: 53 drilling holes
were constructed at 260, 340, 418, 420, and 850 m along the
track of the working face, with a footage of 70~ 130 m, of
which 43 holes revealed the abnormal sequence of rocks and
coal seams, indicating the development zone of the subsid-
ence column was revealed, and only a small amount of water
flowed out of the No. 2 borehole at 418 m along the track,
and then stopped, indicating that each subsidence column
was well developed, the cementation was relatively dense,
and it was neither rich nor conductive.
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Water inrush risk assessment method

The risk assessment of floor water inrush is a quantitative
assessment of the risk of water outburst in each point (or
each panel) using a mathematical model that reflects the
influencing factors and mechanisms of action of each water
inrush case in a specific mining area (Zhu et al. 2013). In
China, combined with existing experience in groundwa-
ter hazard control technology, the most commonly used
and applicable method for assessing the risk of floor water
inrush is to calculate the water-inrush coefficient (Qiang
et al. 2012).

T=—
M

where T is the water-inrush coefficient for aquifers below the

coal layer floor, in MPa/m; P is the aquifer pressure, in MPa;

M is the floor aquiclude thickness, in m.

The Chinese Mining Bureau of Science and Technology
provided guidelines for critical values based on data from
coal mines in northern China. Based on Table 1, it can be
determined that the critical water inrush coefficient of nor-
mal geological blocks is less than or equal to 0.1 MPa/m,
and the critical water inrush coefficient of structurally dam-
aged blocks is less than or equal 0.06 MPa/m.

The floor water inrush is usually the result of the com-
bined effect of many influencing factors, resulting in com-
plex geological conditions which vary between different

Table 1 Critical water inlet coefficient T’

Critical water
inrush coeffi-

Floor integrity

cient T
Complete backplane (normal block) <0.1 MPa/m
Fracture zone (construction block) <0.06 MPa/m

Transport roadway

Fig. 3 Perspective of tomography in tunnel of panel 90102

- Abnormal region of electromagnetic attenuation

mining areas. In addition to determining water-inrush coef-
ficient, the assessment of water inrush risk involves consid-
erations of the tectonic setting of the mine, collapse columns
and other structures that may impact water inrush (Qiang
2014; Wang et al. 2019b).

In this paper, the karst collapse column is treated by
grouting technology (Oda 1986; Yang et al. 2002; Li et al.
2011a; Zhang et al. 2012).The basic principle of the grout-
ing transformation is that concrete slurry is injected into
the water-occupied layer, the fault fissures or channels
in the rock under high pressure, so that they become the
whole of aquifuge to improve the geological conditions
and the ability of destruction of the aquifers. This method
is widely used to control groundwater inflow into mines
in China. The pulp used for grouting can be divided into
ground pulp and underground slurry, both types of pulp
being very efficient grouting slurries.

Exploration of karst collapse columns
Results of physical exploration exploration

For the electromagnetic method used in this study is that
the receivers record the magnetic field intensity poit by
point within a certain range along another roadway with
the wave transmitter fixed at a certain point of the road-
way. To determine the position and distribution range of
anomaly area, the position of the transmitter and receiver
were swapped and the process repeated. The Panel 90102
is located in the northwestern part of the Yangjian Coalm-
ine, with a burial depth of about 280 m ~ 340 m, an oblique
length of about 220 m, and a mining length of about 1 km.
38 transmission points were set along Panel 90102 at 50 m
intervals, with the receiving points being 10 m apart. Each
transmission point is recorded by 11 receiving points,
totaling 418 data points.
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Table 2 Drilling conditions in Panel 90102
Drilling location (track alignment) In 260 m In 340 m In418 m In 420 m In 850 m
Number of boreholes (unit) 12 8 7 13
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Fig.5 Drilled holes in panel 90102

The tomographic image (Fig. 3) shows a higher inten-
sity in the soft layer. Combined with hydrological and
ground pressure data, two abnormal areas (No 1, No 2)
were identified, which included five collapse columns
(XL,-XLs), see Fig. 4.

Drilling exploration results

According to the geophysical exploration, 53 drilling sites
were set in the transport roadway of Panel 90102 to verify
the geological conditions surrounding the five collapse col-
umns identified in the electromagnetic survey. The engineer-
ing parameters are shown in Table 2. Of the 53 boreholes, 43
revealed abnormalities in the rock and coal seams, indicating
the development of the collapse columns. However, the col-
lapse columns were found to consist of dense material due
to reduced water flow, indicating the low water content and
weak conductivity of the collapse columns.
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Table 3 Condition of collapse column in Panel 90102

Name of Size Revealing features

subsided

column

XL, Short axis 45 m, long axis No water, relatively dense
97 m

XL, Short axis 25 m, long axis No water, relatively dense
41 m

XLs Short axis 51 m, long axis No water, relatively dense
101 m

XL, Short axis 60 m, long axis No water, relatively dense
100 m

XLs Short axis 85 m, long axis No water, relatively dense
104 m
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The drilling results showed that there were five collapsed
columns (Fig. 5), mainly composed of sandstone, mudstone
and coal rock debris. No water flow was observed during
more than three months of monitoring. During the process,
x1; was exposed, and water gushed from the bottom of the
tunnel. The exploration results are shown in Table 3.

The characteristics of the collapse column exposed
through construction are as follows:

(1) From the perspective of geomorphology, the shape of
the collapse column area encountered is not obvious,
and no depression basin has been formed.

(2) The overall shape of the sinking column is an irregular
vertebra with upper, lower, and large, and it is mostly
elliptical on the horizontal section, with different
lengths on the long and short axes.

(3) The rock pillars of the sinking columns have clear edges
and corners, irregular shapes, disorderly arrangements,
mixed sizes, and mostly clay filling and bonding. After
observing the characteristics of the rock blocks of each
sinking column, most of them are sandstone and sandy
mudstone. There are small amount of FeS, nodules and
calcite crystals. From the exposed and drilling condi-
tions, several subsidence column structures in this area
are relatively dense, but the rock blocks will soften
when encountering water, which will cause blockage
of the drill pipe when drilling. Conditions, difficulty in
digging and supporting.

(4) The contact interface between the subsidence column
and the surrounding rock is often irregularly jagged,
with clear boundaries, and the occurrence of the sur-
rounding rock at the contact point is basically normal.
The coal seams and the top and bottom of the contact
zone are generally free of implication. When approach-

ing the collapse column, Rock formations are fissured,
and coal seams are somewhat broken.

(5) The water content in most of the subsidence columns is
close to the water content of coal seams. Some columns
have a small stream during drilling, the flow is less than
0.1 m*/h, and it basically stops with time.

(6) According to the monitoring of the ventilation depart-
ment, when the various subsidence columns were
exposed, there was no abnormal gas emission in the
working face, but when the Panel 90102 was excavated,
the H,S odor in some sections was obvious.

Comprehensive evaluation results

This time, the water inrush risk evaluation of the coal floor
of the 9% coal mine in Yangjian Coalmine was carried out.
Due to the limited water inrush data of the mine, the critical
water inrush coefficient suitable for the mine could not be
calculated, so the critical coefficient in the regulations was
still used.

Through analysis and research, for the 9% coal seam of
Yangjian Coalmine, the borehole 9* coal seam floor pottery
of each drilling point was calculated from the thickness of
each borehole aquifer and the pressure of the seam floor ash
confined hydraulic pressure according to the water inrush
coefficient method. The water inrush coefficient value of
the limestone water inrush (Table 4), and then interpolated
to generate a contour map of the water inrush coefficient in
the study area (Fig. 6).

It can be seen from Fig. 6 that the coefficient of water
inrush in the western Yangjian coalmine is relatively large,
and the maximum value of water inrush coefficient is about
0.054 MPa/m which is caused by the thinness of the imper-
meable aquifer in the west, based on the analysis of the water
pressure, effective thickness of the impermeable aquifer and

Table 4 Statistical table of

k N Drilling X ‘Water barrier Water pressure ~ Water burst coef-
water. }nrusil coefficient of number thickness (m) (MPa) ficient (MPa/m)
Yangjian 9" coal seam

Y-1 4,366,619 19,627,617 59 0.76 0.0130
Y-2 4,366,837 19,628,292 33 0.12 0.004
Y-4 4,367,030 19,626,793 62.06 2.20 0.035
Y-5 4,367,057 19,626,941 28.82 1.56 0.054
Y-6 4,367,537 19,627,213 46.88 1.68 0.036
Y-8 4,367,830 1,962,618 51.49 1.87 0.036
Y-9 4,368,102 19,627,433 43.56 1.29 0.030
Y-10 4,368,064 19,627,491 51.85 1.23 0.024
Y-11 4,368,379 19,628,124 55.51 1.10 0.020
Y-13 4,368,697 19,626,544 76.27 1.92 0.025
CK1 4,367,432 19,627,714 50.64 0.89 0.018
CK2 4,366,625 19,627,098 26.25 1.43 0.054
P31 4,367,004 19,626,650 48.14 2.27 0.047
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Fig.6 Evaluation chart of Yangjian 9 coalmine water inrush coefficient

the degree of structural development. The water inrush coef-
ficient value gradually increases from east to west in the
mining area under pressure. The water inrush coefficient
value of Panel 90102 of 9% coal seam is 0.025-0.035 MPa/m,
which belongs to the safe area.

Panel 90102 has a 50 m bottom water barrier and bottom
plate pressure of 1.3 MPa; only considering the water pres-
sure and the thickness of the aquifer, the water inrush value
is about 0.026 MPa/m, which is less than 0.06 MPa/m; there-
fore, the panel is considered safe. However, many influence
factors, such as geological formations, groundwater condi-
tions and other environmental are not taken into account on
the theory of water-inrush coefficient method. For example,
if the Ordovician limestone aquifer has a high-water content,
even if the water-inrush coefficient is less than 0.06 MPa/m,
water inrush events may occur in this area. Five collapse
columns were exposed in Panel 90102. Geophysical pros-
pecting data, drilling results and mining data from the top of
the face 4* of the coal mine found five subsidence columns
consisting of dense rock of low water content. However,
collapse columns XL, XL, and XLs are connected to the
aquifer through the floor of the working face, which makes
the panel prone to water inrush. While the threat of the XL
collapse column has been ruled out, it is necessary to control
the XL, and XL, collapse columns.

@ Springer

Treatment of karst collapse column

Although the 9* coal floor can constitute an effective aquifer,
due to the development of karst collapse pillars in the Panel
90102, the bottom drum is more serious, and at the same
time there are more internal cracks in the aquifer. It may
become a water inrush threat channel, so the above water
inrush dangerous channels need to be blocked to eliminate
the hidden danger of water inrush.

For the mine water inrush passage blocking technology,
the grouting is used to strengthen or reconstruct the stratum
between the bottom plate and the aquifer (aqueous layer
that is not rich in water), so that the water inrush passage
is blocked, thereby forming a truly effective water barrier.
This paper focuses on the research of the channel with threat
of water inrush in the Panel 90102 of Yangjian Coalmine.
Through theoretical analysis of the technology of grouting
and blocking, grouting and blocking of the channel of water
inrush is summarized and improved on the basis of practice.
Adopt the combination of exploration and injection that can
take into account the geological conditions and grouting
parameters of the working face, and can effectively block
the water inrush threat channel.

Grouting process

Considering the special structure of Panel 90102, near
water-rich anomalies and other characteristics, floor
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grouting reinforcement can be used to enhance the mechani-
cal strength of the floor and increase the thickness of the
floor aquiclude. In this technique, a number of grouting
holes are drilled above the Ordovician limestone block, rein-
forcing the floor aquiclude and stabilizing the floor of the
coal panel. By blocking the water from the Ordovician lime-
stone aquifer, the collapse of the column can be prevented.
Panel 90102 of the Yangjian Coalmine has five collapse
columns; of these, columns XL, and XL, need to be grouted.
Using XL, as an example, the minimum thickness of the
safety floor aquiclude for XL, was calculated as 30 m. The
probe hole is designed to reach the bottom of the column at a
depth of 35 m, to ensure that it extends to the actual collapse
column boundary, the designed hole depth out of the border
after 6 m for the final hole. According to the characteristics
of floor of Panel 90102, it is determined that the horizontal
plane of the grouting layer is the aquiclude of the Benxi
Formation above the top of the Ordovician limestone block.
The cement slurry is injected into the karst collapse column.
The grouting holes are spaced 24 m apart, and the collapse
column boundaries are located on the east and west sides of
the subsidence column. Five holes are drilled along the west
side and five holes along the east side as shown in Fig. 7.
After the grouting operation, the scope of the collapse
column in Panel 90102 is calculated (green line, Fig. 7). The
boundary contour of XL, is reduced by 16 m along the lon-
gitudinal axis. The water is not effluent from the drilling and
the void has been filled in XL, collapse column. In addition,
several water inrush points disappear in Panel 90102, which

|' X

. NQ.5 Drill
NO.9Dril_ A XL,

0.4 Drill

NO.8 Drill /W

\)
NO.Z Drill \‘ NO.2 Drill
KN
\)

NO.3Drill

\)
A . .
NO.6 Drill NO.1 Drill

Fig.7 Design and layout of XL, collapse column

indicates that the effect of XL, collapse column treatment
engineering is good.

Grouting effect

To verify the effect of the interception project, the engi-
neering community mainly uses methods such as ultra-
sonic exploration, geophysical exploration methods and
field drilling. According to the practice of the water inrush
threat channel interception project in the Panel 90102 of the
Yangjian Coalmine, the bottom drum area and XL, through
the hydraulic connection between the on-site drilling con-
struction and the drilling construction, and the exploration
process, the blocking effect of the water inrush channel can
be initially verified.

Analysis of the compactness and hydraulic conductivity
of the subsidence column

According to the 1% hole, 60 m of the final hole is drilled,
and the 4" hole is 98.7 m, the small hole is 0.6m>/h, and the
0" hole is drilled to 61 m without water, while the 2* hole,
Analysis of the situation where there is no water out of the
6 hole holes such as 5" hole, 7% hole, 9" hole, 8" hole, 6"
hole, etc., the XL, cylinder is well cemented, the interior is
dense, and there are cracks only at the edge of the cylinder.
Weak conductivity (or related to faults at the edge of the
subsidence column, which needs to be confirmed by further
exploration work).

Analysis of slurry diffusion radius

According to the analysis of the drilling effluent condition
and grouting volume of the three holes in the early stage and
six holes in the later stage, the slurry diffusion radius is less
than 24 m. However, due to the weak conductivity of the
sinker column, and the gap of the sinker column has been
filled by grouting Reinforcement, with a certain water resist-
ance (for example: the pressure of water pressure before
grouting is 5~6 MPa when the hole of 6" hole is final, no
slurry is fed).

Re-judgment of the outline of the sinking column

After the injection hole for the collapse column exiting the
boundary of the collapse column, the rock formations that
pass through into the normal formation are in order. Accord-
ing to this principle, the outline of the possible range of
the collapse column can be re-delineated to delineate the
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collapse column originally delineated by the detection. The
contour is corrected.

In summary, through the construction of the bottom drum
area of the Panel 90102 of Yangjian Coalmine and the XL,
water inrush threat channel blocking project, several water
inrush points disappeared in the Panel 90102, which indi-
cates that the XL, collapse column treatment project Works
well.

Conclusions and suggestions

(1) Karst collapse pillars pose a serious security threat to
coal fields in northern China. The collapse pillars in
this area are extremely developed. At present, 26 mines
have been exposed from four coal mines. Most of the
collapse pillars are densely packed and non-conduc-
tive. The collapse column is rich in water and conducts
water, which is considered to be related to structural
faults. Therefore, it is important to study the hydrogeo-
logical characteristics of karst collapse columns and
take effective measures to control mine safety.

(2) The range, composition, and physical properties of the
karst collapse columns in the North China Coalmine
were determined by geophysical and drilling methods,
and the safety of water inrush was evaluated.

(3) Through the research and practice of grouting and
blocking technology for bottom drum cracks and
water-conducting sinking columns of Panel 90102 in
Yangjian Coalmine, the theoretical analysis of the plug-
ging materials, processes, and blocking methods has
been made, and the application has been formed. The
grouting technology and experience in this mining area
have laid a theoretical and practical foundation for the
revision of the plugging scheme and the promotion of
experience.

(4) According to the evaluation results, the grouting rein-
forcement method is used to control the karst collapse
column, which can effectively control the water inrush
and water damage of the floor.
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