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Due to the different in-situ stress level, mining stress state, and surrounding rock properties of steeply inclined deep coal mining,
the mutation mechanism of underground engineering rock mass is complex. /is paper studies the cause and control of mining
disaster of steeply inclined deep coal resources in Wudong coal mine. /e results show that the structural field is the key of
multifield analysis, and particularly a large area of suspended roof is easy to expand energy and induce dynamic hazards. By means
of borehole television- (BT-) transient electromagnetic (TEM) detection, it is found that there are hidden dangers of roof safety
and suspected water hazards inWudong coal mine, and the roof above the detection area (+575m south roadway to 2250–2600m)
is in a suspended state; there is a suspected water-rich area in the range of 2320–2340m and 2390–2400m, and the lowest vertical
height is +613.8–+615.5m. Exploring and releasing the water in the aquifer effectively reduced the water pressure; in +575m south
roadway, +587m measure roadway, and blasting chamber, the suspended roof blasting holes are constructed. Microseism- (MS-)
TEM monitoring shows that the apparent resistivity fluctuates significantly, the microseismic energy and events have been
significantly reduced, and it is maintained at a low level for two consecutive weeks, confirming the effectiveness of the stable
release of the high-stress roof in the +575m near stope area; at the same time, the safeguard measures for long-term roof dynamic
monitoring are constructed.

1. Introduction

Coal is the main basic energy and chemical raw material in
China. Based on the total energy consumption, China’s coal
consumption demand is predicted. In 2025, China’s energy
consumption demand will be 5.5–5.6 billion tons of standard
coal, of which coal accounts for 50%–52%. China’s main
energy structure will always be dominated by coal before
2050 [1]. At present, coal resources in the shallow part of the
Earth are gradually exhausted, and the exploitation of re-
sources is advancing to the deeper part of the Earth. In the
1980s, the coal mining depth of Poland, Germany, Britain,
Japan, and France exceeded 1000m, and the mining depth of

47 coal mines in China is more than 1000m. In the future,
deep mining will become common [2].

However, “deep” does not refer to the depth, but the
mechanical state determined by in-situ stress level, mining
stress state, and surrounding rock properties [3–5]. Deep
excavation of coal and rock mass exists in the complex
geological environment of high geostress, high ground
temperature, high karst water pressure, blasting vibration,
impact unloading, mining disturbance, and other complex
geological environments. Under the strong dynamic phe-
nomenon, the mechanical response of deep mining coal and
rock mass is significantly different from that of shallow coal
and rock mass [6–8] and presents the strength of “structure
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field-stress field-fracture field-seepage field” coupling
characteristics [9, 10].

On the one hand, the frequency and intensity of dynamic
disasters are increasing significantly. For example, large-
scale suspended roof collapse, mine water inrush, coal and
gas outburst, rock burst, and other problems emerge end-
lessly, which greatly complicate the catastrophe mechanism
of underground engineering rock mass [11–17]; on the other
hand, the “black box” mechanical process under strong
disturbance and strong time effect of deep resource mining
increases the difficulty of disaster control.

Steeply inclined coal seams are affected by high hy-
drostatic pressure, strong engineering disturbances, and
complex surrounding rock properties, which are typical
characteristics of deep rock mass stress states. In complex
multifield geological environment, large-scale impact in-
stability of high stress energy storage rock mass under en-
gineering disturbance will cause dynamic disaster [18].

Mine safety has been threatened continuously, which has
become an urgent problem in China’s coal industry. /is
paper takes Wudong coal mine as an example, and the
engineering geological environment and multifield inter-
action system of steeply inclined deep rock mass are ana-
lyzed. /en BT-TEM detection is used to realize multifield
visualization characterization of deep coal and rock mass.
Based on this, we put forward the measures of stable release
of high stress suspended roof in deep near stope area. At the
same time, combined with the technology of water explo-
ration and drainage, the dynamic disaster is controlled. In
this paper, we use deep MS-TEM detection to evaluate the
effect of roof dynamics and establish long-term monitoring
measures for roof dynamics in Wudong coal mine.

2. Multifield Environment in Deep and Steep
Coal Seam

/e macro law is that the total amount of matter that fully
accumulates and reaches a sufficiently large degree, derived
from a large number of micro collective behaviors, and it is
separated from the law of another level of the system’s micro
details [19]. We define the multifield environment of coal
and rock mass with steep dip as the four-field coupling state
of “structure field-stress field-fracture field-seepage field.”
/e microscopic behaviors are the whole process of micro
damage evolution, crack expansion, and failure mechanical
behavior, which are accompanied by the change of rock
internal structure and related physical and chemical field
phenomena; the macroscopic performances are that the roof
suddenly collapses and other strata structure instability
induce strong destructive dynamic disasters such as water,
fire, coal, and gas outburst.

/e geological conditions of the steeply inclined coal
seams in the Urumqi mining area in China are complex.
Wudong coal mine is located in the north wing of Badaowan
syncline, with a monocline structure inclined to the south,
and the thickness of No. 43 coal seam and No. 45 coal seam
in their mining area are 37.5m and 47.8m, respectively, with
a dip of 157° and an average dip angle of 45°. Coal seam roof
is hard and stable, under horizontal section caving mining,

the large-scale roof of goaf is a potential hazard source, and
with the main mining level entering the deep, the cata-
strophic development mechanism of underground engi-
neering rock mass is largely complicated. Moreover,
multifield coupling phenomenon in mining area shows
more difficulty in disaster control. Figure 1 shows the
geographical location and mining layout of Wudong coal
mine.

Figure 2 shows geological conditions that belong to
“solid-gas-liquid” phase system and change motion under
many fields such as “geological body structure field-stress
field-deformation field-seepage field-fracture field-gravity
field.”

Figure 3 is the multifield evolution process under en-
gineering geology condition of Wudong coal mine, dynamic
variation during incubation process, and structural field
analysis foundation; water pressure is the motive force of
fracture expansion, crack increase is caused by fracture field
increase, and seepage field crack center gradually expands
stress field and gradually differentiates high stress and low
stress zone, finally forming low stress high permeability zone
in vertical direction of main fissure. /e multifield is in-
terrelated and transits frommicrostate to macrostate, among
which geological body structure field provides docking
channel for multifield coupling.

3. Disaster Detection and Prevention Measures

In view of the multifield complex environment of deep
mining coal and rock mass in Wudong coal mine, mastering
the information of structural field is the key to control the
stability of multifield environment. /erefore, the visuali-
zation information of deep ground exploration is obtained
by joint monitoring method to guide the formulation of
dynamic disaster precontrol measures.

3.1. BT-TEM Detects the Source of Hazards. /ere is a
practical difficulty in the visualization of multifield envi-
ronment of deep coal and rock mass under mining con-
ditions. It is difficult to directly observe the mechanical
behavior and internal physical process under engineering
disturbance, which is a “black box” process [20]. According
to the characteristics of electric, magnetic, and physical
properties of goaf, borehole TV (BT) and transient elec-
tromagnetic method (TEM) are used to retrieve the spatial
distribution characteristics of potential disasters in deep
ground, such as type, scale, and depth; at the same time, the
multifield evolution and mechanical behavior of deep coal
and rock mass are analyzed.

3.1.1. Detection Principle. As shown in Figure 4(a), the
geological structure and rock layer state parameters in the
hole can be identified by scanning the shape and color of the
borehole image, which can assist in judging the occurrence,
lithologic distribution, structural development, and water
and gas production of rock strata [21].

Transient electromagnetic method (TEM) is also called
time domain electromagnetic method, which first creates the
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main magnetic field coil and then interrupts it suddenly.
According to Faraday law of electromagnetic induction,
electric conductor produces secondary induced currents on
ground or coal mine, because the attenuation law of sec-
ondary magnetic field is related to the conductivity of un-
derground geological body; the better the conductivity is, the
slower the attenuation rate is [22].

/is method has advantages of good directivity, large
depth of detection, abundant information, and small in-
vestment in rock damage exploration of stope, which is a
new idea for detecting surrounding rock damage in stope.
Due to the difference of water conductivity, on the one hand,
apparent resistivity values of different strata above goaf can
be obtained from electrical data analysis; on the other hand,
the apparent resistivity of fractured coal rock mass is greater
than that of intact coal rock mass and water, while that of
intact coal rock mass is greater than that of water (apparent
resistivity: fractured coal rock mass> intact coal rock
mass>water apparent resistivity). /erefore, through TEM

detection results coal rock fragmentation zone and water
zone can be identified and finally the influence range of coal
rock fragmentation zone and water zone is determined, and
principle is shown in Figure 4(b).

Calculation formula of apparent resistivity of coal mine
full space transient electromagnetic method is [23]

ρ � C ×
μ0
4πt
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2/3
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where C is the full space response coefficient, μ is the
permeability, which can be approximately taken as the
vacuum permeability, S is the coil area of the receiving loop,
n is the coil turns, t is the attenuation time of the secondary
magnetic field, and V/I is the normalized secondary mag-
netic field potential value.

/rough time depth conversion, the equation is as
follows:

hs �

��������
ρ ti(  × ti

2μ0



. (2)

In formula (2), ti is the time window value of the cor-
responding instrument at a certain time; ρ(ti) the apparent
resistivity of the corresponding instrument can be obtained
by (1); μ0 is the vacuum permeability (4π ×10−7H/M) and hs
is the depth.

3.1.2. Detection Equipment and Scheme. In order to detect
the geological information of potential disaster sources,
realize multifield visualization of engineering geology, and
guide the formulation of field precontrol measures, the BT-
TEM detection scheme and equipment are shown in
Figure 5.

(1) Observation of Strata Movement by BT. /ere exist
different degrees of collapse pit and crack phenomenon
during mining process of +575m coal seam while collapse
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Figure 1: Geographical location and mining layout of Wudong coal mine.

Figure 2: Schematic diagram of engineering geological multifield
action of steeply inclined coal seam.
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pit has hysteresis and discontinuous characteristics, and roof
safety hidden danger exists in coal seam area. In order to
explore the occurrence of roof in goaf and ensure the safety
of mine production, observation holes of strata movement
are constructed on the corresponding surface of the goaf
side, and the occurrence of overlying strata in goaf is de-
tected by drilling, and detection scheme of strata movement
is shown in Figure 6.

As shown in Figure 6(a), eleven strata moving obser-
vation holes are designed on corresponding surface of goaf
side with diameter 100mm and design length 130–210m.
Drilling holes are located within 20–80m behind working
face, the parameters of each borehole are shown in
Figure 6(b), and the solid section of the probe hole is shown
in Figure 6(c).

(2) Detection of Water-Rich Area by TEM. /e mine tran-
sient electromagnetic method exploration device type uses
the overlapping loop combination device; the side length is
1.5m excitation and receiving square coil, the number of
exciting coil turns is 4, the number of receiving coil turns is
40, power supply current is 60A, power supply pulse width is
10ms, and the sampling rate is 16 μs. Each measuring point
adopts at least 30 times superposition to improve the signal-
to-noise ratio, which ensures the reliability of the original
data.

As shown in Figure 7(a), each detection line in south
roadway stops from 2608–2250m, probe angle are 45°, 60°,
and 90° as shown in Figure 7(c) (considering surface
borehole survey and mine hydrogeological in-formation,
three lines can cover water-rich area), and two measuring
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Figure 3: Multifield coupling relationship of coal and rock mass in steeply inclined coal seam.
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Figure 4: Principle of BT-TEM detection equipment: (a) borehole television principle; (b) mine transient electromagnetic detection
principle.
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lines are arranged along the +587m blasting measure
roadway to detect the top (90°) and south side (45°) of the
roadway. Each measuring line from 2400–2340m and the
detection interval is 20m.

3.1.3. Disaster Source Visualization

(1) BT Monitoring of Rock Fracture Evolution. Coal and rock
mass changes from internal mesofracture to external mac-
roscopic deformation and collapse under engineering dis-
turbance. As shown in Figure 8(a), separation points,
breaking points, and complete rock strata critical points are
interpolated, respectively, into three regions: small range
approximate arch shape fragmentation zone, rectangular
suspended rock stratum, and trapezoid shape high stress
concentrated intact hard rock zone.

Figure 8(b) is the distribution of fracture and deformation
under mining disturbance; it can be seen that, during mining
process, 2# and 7# fracture deformation reach 0.1m in
fracture zone I, 3# and 4# borehole deformation are smaller in
fracture zone, and 5# of area is not too large deformation.
From structural perspective, bearing structure of goaf is
“arch-beam” overburden structure; from mechanics devel-
opment mechanism, the suspended rock beams in region III
are divided into three zones: fracture initiation zone, sepa-
ration zone, and compression zone; from roof deformation

characteristics, maximum deformation position is along the
middle direction of roof tilt direction.

/e roof failure of goaf is found to be insufficient, zone is
the force source of additional external force and energy
accumulation, and rock stratum in zone is complete.
Compared with shallow strata, depth stress environment
and rock mechanics properties change energy aggregation
and high intensity burst release process will be more obvious
than shallow strata. Under high geostress and strong en-
gineering disturbance, regions II and III can easily impact
instability.

To sum up, we can prevent and control the dynamic
disasters of Wudong coal mine from two aspects: (1) control
the energy input by weakening the additional external force,
for example, optimizing the coal drawing process and
controlling the top coal caving ability can fully improve the
resource recovery rate, reduce the residual triangular coal in
the upper level, and avoid the formation of masonry beam
structure along the inclination of the roof in the working
face, which will affect the stable release of the roof; (2) by
controlling roof span to control energy input area, the
dynamic stability of rock beam is controlled by roof
weakening, so as to achieve the purpose of stable release of
deep and large hanging roof stress.

(2) TEM Detection of Water Source Information. After
collecting data underground, the induced voltage is converted

Figure 5: BT-TEM detection area and equipment.
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Figure 6: Detection scheme of strata movement: (a) detection hole scheme plane, (b) detection hole parameters, and (c) detection hole
scheme section.

South roadway

Coil

Detection
direction

Detection
direction

Detection
direction

+587m

+587m measure roadway

+575m south roadway

Heading face

Working face

2608m

9.6mEast

2400m 2380m 2360m 2340m

20m West

West

East

+575m

Coil

Coil

60° 45°

45°

Coal Coal Coal

South roadway

South roadway

Ro
of

Fl
oo

r

Top coal

South roadway

(a)

(b)

(c)
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into apparent resistivity and time is converted into depth.
Figure 9 shows the section of apparent resistivity of south
roadway and measure roadway. /e horizontal coordinates
represent the measurement points in the roadway, and the
vertical coordinates represent detection depth.

It can be seen from Figure 9 that the apparent resistivity
of rock body in most detection areas is uniform and stable,
which indicates that the roof strata is relatively complete,
which indirectly verifies the BT detection results. However,
there are two low resistivity anomaly areas in the south
roadway strike of 2320–2340m and 2390–2400m, which are
obviously lower than other areas ((1) and (2)).

/ere is also a low resistivity area in the 2320–2345m
(winch chamber) of the measure roadway. Based on the
analysis of geological data, it is speculated that the two low
resistivity abnormal areas are suspected to be rich in water,
while the lowest vertical height of area (2) is +613.8–+615.5m;
if it is not drained and the water pressure is not reduced in
advance, it can be considered that the structural field damage
leads to multifield environmental instability and induces
dynamic disasters.

3.2. Disaster Prevention Measures

3.2.1. Water Exploration and Drainage. /e related water
disasters caused by deep mining activities are becoming
more and more serious. Surface water, aquifer, fissure water,
goaf water, and karst cave water are polluted, which lead to
water related hazards; it is important to find water sources,
water flow channels, and the interference of mining activities
on aquifer.

Geophysical exploration means can carry out large-scale
advanced and rapid detection of the whole mining face with
small investment, and drilling method is intuitive and
simple. /erefore, the integrated exploration of water ex-
ploration and drainage scheme is formulated. Firstly, BT-
TEM technology is used to determine the location of aquifer
and some main fracture areas (the winch chamber strikes
2325.2–2342.6m), and there is a small range of separation at
613.8–615.5m. In addition, multiple boreholes (1#, 2#, 3#,
and 4#) are applied in the underground measure roadway to
effectively drain the static reserves of the aquifer and reduce
its water pressure as much as possible. Figure 10 shows the

(a)

(b)

Figure 8: Fracture distribution and evolution diagram of coal and rock mass: (a) overburden structure visualization; (b) fracture evolution
of coal and rock mass.
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layout of water outlet drilling in winch chamber, and Table 1
shows the results of drilling water.

3.2.2. Precracking of Large Area Suspended Roof. /e blasting
holes of roof are constructed in +575m south roadway, +
587m blasting chamber, and measure roadway. Figure 11(a)
shows the stereoscopic diagram of blast holes layout.

/e specific construction is as follows: (1) each row of
+575m south roadway is arranged with two roof blasting
holes with row spacing of 10000mm, as shown in
Figure 11(b); (2) blasting chamber is 4500mm wide,
3000mm high, and 5000mm deep, and the construction
quality meets the basic requirements of coal mine safety
production standardization. Along the coal seam strike,
blasting holes are constructed to the east, west, and up,
respectively, with a diameter of 113mm, and a total of 9
roof blast holes are constructed. /e construction pa-
rameters of blasting chamber and blast hole are shown in
Figure 11(c); (3) three roof blasting holes are arranged in
each row in the measure roadway, and the row spacing of
blasting holes is 10000mm, as shown in Figure 11(d); (4)
using emulsion matrix explosive, the blasting holes are

sealed with loess, and the sealing length is not less than 1/3
of the blast hole length; (5) firstly, four holes in the east of
the chamber and the holes in the measure roadway to the
east of the chamber are blasted, and then the holes in the
top, west, and west of the chamber are blasted; (6) the
blasting sequence of the roof in the south roadway of the
+575m is from east to west.

4. Engineering Evaluation

Rock mass fracture and rock sliding will produce obvious
acoustic signals. /erefore, in view of multifield environ-
ment of deep mining coal and rock mass in steeply inclined
coal seam, the establishment of MS-TEM joint monitoring
and evaluation may bring new progress to dynamic disaster
prediction in deep coal resource mining. In addition, the
stability of deep roof release can be judged by combining
with the observation hole technology of mining induced
fracture, and the multifield change information can be
obtained.

When the roof above the goaf is not cracked, the elec-
trical properties of the same rock layer change uniformly due
to the integrity of the overlying rock structure. When the

(a) (b)

Figure 9: Visualization of water rich area detection: (a) south roadway, (b) measure roadway.
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Figure 10: Layout of water outlet drilling in winch chamber. (a) plan; (b) section.
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high stress roof is released smoothly, there are cracks and
separation space in the affected area, which provides the flow
space for various filling bodies and shows the electrical
characteristics different from the surrounding rock. /e
apparent resistivity of the fracture development area is
higher than that of the intact surrounding rock when the
water is not filled. When there is a water-rich area nearby
and the fracture development area is full of water, the ap-
parent resistivity of the area is relatively low.

/e area where the apparent resistivity decreases greatly
in Figure 12(a) indicates that the water content is high. Due
to the participation of pressure water and the destruction of
rock mass structure, the distribution state of internal current
field changes, thus reducing the apparent resistivity. Fracture
propagation is the external manifestation of multifield
coupling effect, and its size, distribution, and change reflect

the coupling degree of each action field. In fact, this is also
the influence area of roof precracking, such as B1, B2, and B3,
because there is a water-rich area (1); after blasting, cracks
provide strain space for stress action, in which the black solid
line arrow indicates the fracture expansion, and the blue
dotted arrow indicates the seepage direction.

Area A1 is the original water-rich area. After fracturing,
the geological structure field is destroyed, the pressure
water flows to fracture field B1 under the action of gravity
field, so separation cavity is formed, showing the phe-
nomenon of increased resistivity. /e increase of resistivity
in areas A2 and A3 is the result of effective roof fracturing.
Because of effective drainage before fracturing in area C,
there is no low resistance anomaly phenomenon, which
also verifies the feasibility of water exploration and
drainage scheme.

Table 1: Effluent from multiple boreholes.

Position Number Angle (°) Diameter (mm) Length (m) Horizontal elevation (m) Water column (mm)

Winch chamber 2312m
1# 60 113 30 +615.5 Full hole
3# 45 113 39 +621.4 19
4# 37 113 40 +613.8 38

Note: after 4# holes water drains out, 1# hole and 2# hole no longer have water.

Figure 11: Blast hole layout of precracking suspended roof. (a) Stereogram of blasthole arrangement; (b) layout of blasting holes in south
roadway; (c) layout of blasting holes in blasting chamber; (d) layout of blasting holes in winch room.

Advances in Civil Engineering 9



According to Figure 12(a), five typical survey lines
(+699m, + 680m, + 661m, + 642m, and +623m) are se-
lected to extract the corresponding apparent resistivity of
each line. Figure 12(b) shows the variation law of apparent
resistivity of five survey lines after blasting; it can be seen that
each survey line fluctuates greatly after fracturing, which
indicates that the roof precrackingmeasures effectively affect
the structure field state. /e increase of this value is due to
the expansion of the fracture field caused by roof cracking,
while part of the reduction area is mainly along the strike of
2400m. As the previous analysis, the fracture field in B1, B2,

and B3 areas after fracturing expand to provide flow space
for the upper aquifer.

It can be considered that the underground seepage field
changes with the geological structure field, the change of
fluid pressure in the fracture field changes the width and
length of the fracture, and the changes of the far-field stress
and the fracture induced stress also restrict the fracture
width and fluid pressure in the fracture. Combined with the
phenomenon of the apparent resistivity increase in A1, A2,
and A3 areas, it can be concluded that the effective fracture
area of the roof increases under the multifield coupling
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Figure 12: Visualization of effect after high stress roof cracking: (a) multifield spatial evolution diagram; (b) variation diagram of apparent
resistivity of survey line.
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Figure 13: Microseismic energy and events distribution of roof weakening.
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effect. In addition, through the observation hole of ground
strata movement, it is found that some of the existing
boreholes are broken in a large range and the probe is
difficult to lower, which verifies the reliability of the analysis.

Figure 13 shows the distribution of microseismic events
and energy. On November 4, 2019, Wudong coal mine
carried out blasting measures on the roof of +575m coal
seam. At this time, the microseismic events and energy of the
working face reached the maximum value. After November
4, the value decreased significantly and remained at a low
level in the past two weeks; this shows that the high stress
roof is released smoothly and does not cause multifield
environmental instability, and it also proves that the stable
release measures of suspended roof are effective.

In order to detect the collapse of the suspended roof,
borehole TV monitoring is carried out on the roof regu-
larly; at the same time, online monitoring systems of
microearthquake (ESG), roof dynamic monitoring (KJ216),
and support pressure (KJ327) are arranged at the working
face, and observation stations are set up on the surface to
monitor the ground collapse. /rough the real-time
comprehensive analysis of monitoring data, the roof ac-
tivity information can be mastered in time to guide the
production practice, and the monitoring system is shown
in Figure 14.

5. Conclusion

(1) As Wudong coal mine enters the deep coal resource
mining, compared with the shallow coal mine, the

multifield environment is more complex; it is nec-
essary to take measures to control the area and size of
roof energy input (optimizing mining technology,
controlling caving ability, and limiting roof span), so
as to avoid dynamic disaster caused by large-area
suspended roof energy amplification in multifield
environment.

(2) /e visual information of potential multidisaster
sources in Wudong coal mine is obtained by BT-
TEM. From the type of disaster, Wudong coal mine
has hidden danger of roof safety and suspected water
disasters.

(3) /e roof above 2250–2600m of the south roadway is
relatively complete, and there are two low resistivity
abnormal areas within the south roadway strike of
2320–2340m and 2390–2400m, which shows that
these areas are suspected rich water, and the lowest
vertical height is +613.8–+615.5m. After the imple-
mentation of water exploration and drainage, it shows
that the aquifer pressure is reduced and effectively
released.

(4) /e roof blasting holes are constructed in +575m
south roadway, +587m measure roadway, and blast-
ing chamber. MS-TEM monitoring shows that the
apparent resistivity of the fractured area fluctuated
obviously, the microseismic energy and events de-
creased significantly and maintained at a low level for
two consecutive weeks, which confirmed that the
releasemeasures of deep high stress roof were effective.
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Figure 14: Long-term monitoring of roof dynamic by microseismic system.
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