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According to the new stress distribution pattern and the strong strata behaviors as the characteristics of the coal pillars in the close-
distance multiseam coal pillar mining, the common characteristics of different types of overlying coal pillars were summarized and
analyzed. Moreover, a theoretical model for the mechanism of strong strata behaviors in the close-distance multiseam coal pillar
mining was established, which was validated by the monitoring data of seismic computed tomography CT, microseism, and
electromagnetic radiation (EMR). Furthermore, the results of the study indicated that the main factors affecting the strong strata
behaviors were the static stress concentration caused by the overlying coal pillars and the dynamic disturbance caused by the
fracturing and slipping of the overlying coal pillars and roof under the influence of mining. In the case of Xinzhouyao coal mine,
the transmitted stress and lateral support pressure of the overlying coal pillars accounted for 78.3% and 16% of the vertical
concentrated stress, respectively, and the areas closer to the overlying coal pillars were more susceptible to dynamic load
disturbances. The monitoring results of seismic computed tomography CT and EMR demonstrated the static load stress
concentration area was distributed near the overlying coal pillar, and the stress concentration degree was greater in the area of
superimposed lateral support pressure and advanced support pressure. Moreover, microseismic spatial positioning revealed that
the high-energy microseismic events were mainly concentrated near the overlying large coal pillars and roof. The on-site
multiparameter detection results were highly consistent with the characteristics of actual strata behaviors and the conclusions of
the theoretical model. This method could provide a reference for the quantitative calculation of stress distribution under similar
conditions and the identification of the danger zone of strata behaviors.

1. Introduction

The close-distance coal seam refers to the adjacent coal seams
that have significant mutual influence during the mining
process. The coal pillars bear the pressure of the overlying
strata and transmit it to the bottom rock stratum, which leads
to the redistribution of the bottom rock stratum stress. Re-
peated disturbances in close-distance multiseam coal mining
further exacerbate the complexity of stress environment. New
characteristics of stress and danger zone distribution have
emerged [1, 2], which is a primary reason causing the diffi-
culty to predict the danger zones with strong strata behaviors
in close-distance multiseam coal pillar mining. The number of

long-wall and multiseam mining coal mines in China and
around the world is rapidly increasing [3-9]. Existing theories
are not enough to support and solve the new rockburst sit-
uation we are facing now. Therefore, it is urgent to study the
mechanism of strong strata behaviors under the condition of
close-distance multiseam coal pillar mining and provide
theoretical support for the detection of the danger zone with
strong strata behaviors.

The strong strata behavior is a slow or sudden release of a
large amount of energy accumulated in the coal rock mass,
which in general results in the damage of the coal rock mass,
human casualties, and damage of mines and equipment
[10, 11]. At present, the characteristics and laws of the strata
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behaviors of single-seam mining have been studied. Yin and
Han et al. studied the stress concentration caused by the
mining and structure of the working face from the aspects of
theoretical calculation, numerical simulation, and similar
material physical simulation technology [12-16]. Ye and
Wang et al. studied the movement rule and dynamic dis-
turbance of single-seam overburden [17-19]. In recent years,
scholars in the field of mining begin to pay attention to a series
of problems caused by multiseam mining. Wang and Yang
and He [20, 21] summarized the law of the strata behaviors
when the working face crossed the concentrated coal pillars
through field observation and other methods and proposed
corresponding countermeasures. Ju et al. [22-24] used the-
oretical analysis and simulation experiments to investigate the
mechanism and law of dynamic loading pressure from the
point of the instability of the fracture structure of the key layer
above the coal pillar. Gao et al. [25] numerically simulated the
horizontal and vertical distance between different working
faces and overlying remaining coal pillars, and the stress
distribution in the process of coal mining under different
buried depth conditions. Suchowerska et al. [5] calculated the
changes in vertical stress in multiseam coal mining in long-
wall working faces by using numerical simulations. Yu [26]
numerically simulated the structural evolution of overburden
roofs in multiple coal seams and the influence of remaining
coal pillars on strong strata behaviors in the lower coal seams.
Adhikary et al. [27] studied the applicability of FLAC2D and
FLAC3D in numerical simulation of multiseam mining.
Ghabraie et al. [28] simulated the law of overburden collapse
in multiseam coal pillar mining by means of laboratory
physical simulation technology. Tian et al. [29] and Huang
and Cao [30] also used physical simulation technology to
study the roof strata movement and coal pillar instability in
the process of multiseam mining. Sun et al. [31] studied the
stability of the overlying remaining coal pillars by using the
elastic-plastic theory and the slip line field theory. According
to the particularity of multiseam mining, Shen et al. [32]
established the energy density risk index to evaluate the risk of
multiseam mining by using the microseismic data. Previous
studies have shown that overlying coal pillars under the
condition of close-distance multiseam coal pillars were the
main factor causing disaster. The current research is mainly
based on field experience summary, numerical simulation,
and theoretically qualitative interpretation. However, the
studies on the mechanism of strong strata behaviors in close-
distance multiseam coal pillar mining through theoretical
model quantitative calculation and multiparameter moni-
toring data have been seldom reported. Considering that
timely and effective numerical simulation is always difficult
for mining corporations, there is an urgent need to provide a
theoretical model for mining enterprises to effectively and
quantitatively estimate the static stress of multiseam mining
and identify the dangerous zone of strata behavior and
provide guidance for the selection of rock deformation
prevention methods and specific pressure relief measures.
Based on the existing studies on the characteristics and
laws of strong strata behaviors in close-distance multiseam
coal pillar mining, we conducted in-depth theoretical
studies on the mechanism of strata behaviors under this
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condition and validated the study result according to field
geophysical signals. According to the summary of the
characteristics of different types of overlying coal pillars
and the strata behaviors, a theoretical model of the
mechanism of strata behaviors in close-distance multiseam
coal pillar mining was established. Moreover, the theo-
retical model was validated by comprehensive monitoring
methods, including seismic computed tomography CT,
microseismic monitoring, and EMR, which provide a
reference for the quantitative calculation of stress distri-
bution under similar conditions and the identification of
the danger zone with strata behaviors.

2. Classification of Close-Distance Multiseam
Coal Pillars and Characteristics of
Strata Behaviors

In the process of multiseam coal mining, the upper coal seam
is generally mined earlier. Due to the limitation of geological
structure and mining technology, the layout of the upper
coal seam is irregular, and its impact on the lower coal seam
had not been fully considered, which causes potential safety
hazard for the mining on the ultralong and widened high-
mining fully mechanized working faces.

According to the positional relationship with the strike
direction of the working face, the types of coal pillars in the
close-distance multiseam mining are divided into four
categories: parallel coal pillars, diagonal coal pillars, vertical
coal pillars, and irregular coal pillars. Among them, parallel
coal pillars run parallel to the working face. According to the
positional relationship between the overlying coal pillars and
the roadway on the lower working face, they can be divided
into overlapping type, inward-stagger type, and outward-
stagger type, such as the Malan mine and Shangwan mine
[32]. Diagonal coal pillars intersect with the lower working
face at different angles, such as Xinzhouyao mine and
Sanhejian mine [33]. Vertical coal pillars are perpendicular
to the direction of the working face, such as Daliuta mine
[22, 24]. Irregular coal pillars are represented by the point
coal pillars reserved in Tashan mine [25] and the scar coal
pillars reserved in Sanhejian mine [34]. The spatial rela-
tionship between the four types of overlying coal pillars and
the lower working face is shown in Figure 1.

The sources of strata behaviors in the close-distance
multiseam coal pillar mining can be divided into static load
and dynamic disturbance. Their characteristics are as fol-
lows: static load concentrated in the roadway causes roof
subsidence and deformation of the two sides, as well as
fatigue damage to the support of the working face. On the
other hand, dynamic disturbance is caused by the mining of
the lower coal seam, which causes instability such as fracture
of abutment coal pillars and roof, and roof slippage. When
the working face causes the overlying pillars, the massive
collapse of the main roof occurs easily. Dynamic distur-
bances often result in bursting, crushing, and damage to the
support. In the area of superimposed static load, the critical
stress of rockburst may be exceeded to induce the rockburst.
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FIGURE 1: Spatial positional relationship diagram of overlying coal pillars and the lower working face.

By summarizing the law of strata behaviors caused by
different types of coal pillars, it is found that the mechanism
of strata behaviors in the close-distance multiseam is more
complicated than that of single-coal seam mining. More-
over, compared with single-coal seam mining, localized
static load concentration areas are more common under
shallow mining conditions in the close-distance multiseam
coal pillars. Repeated mining of multiple coal seams could
cause new characteristics of overburden roof migration with
a high degree of uncertainty, which increases the difficulty of
detecting dangerous zones with strong strata behaviors in
the lower coal seams and increases the potential dangers for
safe and efficient production. Therefore, based on the
classification of close-distance multiseam coal pillars and the
characteristics of strong strata behaviors, the mechanism of
strong strata behaviors under the conditions was studied,
which provides theoretical support for the detection of strata
behaviors occurrence.

3. Main Contributing Factors of Strata
Behaviors in the Close-Distance Multiseam
Coal Pillar Mining

The mechanism of strata behaviors in the close-distance
multiseam coal pillar mining was studied from the per-
spectives of static load concentration and dynamic distur-
bance. The diagonal coal pillars in Xinzhouyao coal mine
was taken as an example, and the characteristics of strata
behaviors under the effect of various overlying coal pillars
were considered. A mechanical model under the effect of
overlying coal pillars was established to study the generation
and mechanism of dynamic and static load source.

3.1. Static Load Concentration. The section is extracted from
the direction perpendicular to the strike of the working face,
which is used to study the effect of the overlying coal pillar,
the lateral abutment pressure, and the gravity stress of coal
and rock on the local static load concentration. The me-
chanical model of the working face under the overlying coal
pillar is established as shown in Figure 2.

3.1.1. Stress Calculation and Stress Transfer of Overlying Coal
Seam. 'The load on the overlying pillars is the superposition
of the gravity of overlying strata and the lateral abutment
pressure caused by the overhanging roof of goaf. After the
overlying coal seam is mined, the load on goaf and pillars
tends to distribute evenly after a long time of rebalancing of
coal and rock structure. Among them, the load per unit
length of the coal pillar can be estimated according to the
load estimation model of the coal pillar in Figure 3 [35].
Assuming that the width of goaf on both sides of coal
pillar is different, the average load on coal pillars is as follows:

D, +D D? + D?
EMz[(BZ+ 1 2)H— 18 2cota| L (1)

2 B,

where D, and D, are the width of goaf on both sides of coal
pillar, m; @, is average stress of coal pillar, MPa; B, and B,
are the width of coal pillar, m; H is the depth of coal seam, m;
and « is roof caving angle.

The gravity stress of overlying strata of coal seam minus
the load of coal pillars is the load of goafs; then the average
load of goafs is as follows:

Gy = 2[yH (B, + (D, + D,)/2)) = GpB, ]

. 2
D, +D, 2)

Taking the AB segment pillar shown in Figure 2 as an
example, the stress transferred from the overlying pillar and
the goafs to M point is calculated. The coordinates of A, B,
and M point are (x5, ya), (X, y8), and (x, y), respectively. The
infinitesimal element length d{ is taken at the distance of &
from the coordinate origin in the AB segment. According to
elastic mechanics [36], the stress caused by the element at M
point is as follows:

B 20,d¢ y3
y T [yz +(x- g)z]z'
The vertical stress transferred from the coal pillar in the

AB section to the M point is obtained by accumulating the
stress of each element in the AB section.

do

(3)
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The stress of the overlying coal pillars and goafs
transferring to M point within the influence range of the
lower section coal pillar is calculated according to formula
(5), and the stress value of the overlying coal pillars and goafs
transferring to the lower coal pillar can be obtained.

0= 0, (5)
1

3.1.2. Calculation of Lateral Abutment Pressure. The lateral
abutment pressure oy; consists of the gravity stress o,, of the
overlying strata on the side of the coal body and the ad-
ditional stress increment o, transferred from the cantilever
roof of gob-side roadway; that is,

Oy =0, +0.=yh+ z Aoy, (6)

where Ao;(i = 1~m) is the i-th increment of additional
stress transferred from cantilever block along the goaf to the

y

+

(4)

;V2 +(x~ ’CB)2 )’2 +(x~ XA)Z .

lateral coal, m is the number of roof cantilever blocks be-
tween lower coal seam and overlying coal seam, and 4 is the
interval between the upper and lower coal seams.

Assuming the cantilever block as an elastic body, the
additional loads generated are distributed uniformly on the
surface of the bearing rock strata. Only the strata between
the two coal seams are considered and the interval between
them is small, the force of the cantilever block here is cal-
culated according to the structure without articulation. The
additional load generated by the cantilever block is
Ag; = Q;/L;, where Q; is the sum of the weight of the can-
tilever block in the i-th layer and the weight of the cantilever
block between the roof of the i-th layer and the overlying
coal seam. L, is the vertical distance from the cantilever block
rotation deformation initiation point in i-th layer to the coal
wall [37], as shown in Figure 4.

Taking the second layer of cantilever block as an ex-
ample, the stress transferred to M point from the additional
load of the single layer cantilever block is calculated. The
coordinates of C and D at the intersection of the coal wall
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and (xp, yp), respectively. The length of microelement is
taken at the distance from the origin of coordinates on CD
segment, and the stress caused by the microelement at Point
M is

X = Xc
+

Y-8

By integrating the stress of CD section, the stress
transferred to M point by the additional load of the canti-
lever block in the second layer can be obtained as follows:

y(x - xp) y(x - xc)

Xp
— arctan

A
Ao, = 2% | arctan
V4

According to formula (8), the stress Ag; of cantilever
block in each layer at M point can be calculated, and the
lateral abutment pressure at M point can be obtained by
bringing the calculation results into formula (6).

As shown in Figure 5(a), this paper takes the 8308
working face of Xinzhouyao mine as an example to cal-
culate the stress value of each static load source on the
section I-I along the strike of the vertical working face. The
width of the overlying coal pillars in the upper coal seam is
37m, 51 m, and 44 m from left to right, and the width of
the goaf is 58 m and 100 m. The width of the upper coal
pillar and the goaf are calculated according to formulas (1)
and (2). The coal pillars and goafs bear stress, the roof
caving angle a =85, the upper coal burial depth is 272 m,
y=KN/m®, the turning initiation angle f=75°, the upper
and lower coal seam spacing is #=30m, and the above
parameters are compared with the upper coal pillar and
mining. The stress carried by the goaf is introduced into
formulas (4) and (5), and the stress value transmitted by
the overlying pillars and the goaf to the lower coal can be
obtained; the thickness of the lower coal roof is 3 m, 4 m,
6m, and 17m from bottom to top, and the above pa-
rameters can be taken into formulas (6) and (8) to obtain
the lateral support pressure generated on one side of the
goaf and integrate the overlying coal pillars and the stress
transferred from the goaf to the lower coal value and the
value of the lateral support pressure generated on one side
of the goaf; the stress of each static load source acting on
the section I-I of the lower coal seam can be obtained, as
shown in Figure 6.

A P S O

(8)

The calculation indicated that the peak stress was 1.8
times of the original gravity stress, and the upper side coal
pillar transmitted 78.3% of the stress. The peak stress gen-
erated by the lateral support pressure was 1.93 MPa, which is
located at 3m to the boundary of the section coal pillar,
accounting for 16% of the total vertical stress at that position.
Therefore, the main sources of static load concentration in
the close-distance multiseam coal mining are the stress
transmitted by overlying coal pillars and the lateral bearing
pressure.

3.2. Dynamic Disturbance of Multiseam Coal Mining. The
source of dynamic load in coal mining is the dynamic re-
sponse of coal and rock mass caused by mining activities.
Under the condition of close-distance multiseam coal pillar
mining, dynamic load is not only generated by the roof
breaking of this coal seam but also by the secondary roof
breaking of the coal pillars and roof.

According to the elastic wave propagation theory, the
additional stress caused by the vibration stress wave prop-
agating from the seismic source to the surrounding coal and
rock mass is

o, =04, )
where 04 A, and L are the initial intensity of the stress wave
generated by the vibration, the energy attenuation index of
the vibration wave, and the distance from the source to the
location of the excavation space, respectively.
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Under the condition of the close-distance multiseam coal
pillar mining, the roof fracture in the upper goaf is significant,
wherein the dynamic disturbance caused by repeated mining
roof fracture and migration is relatively small. The integrity of
the roof supported by the overlying coal pillar is optimal, which
is also affected by the stress concentration. When the stable
structure is broken during repeated mining, the fractured rock
block of the remaining coal pillar roof inevitably causes further
rotary movement. When this kind of structure cannot maintain
its stability, it will produce high-energy dynamic disturbance to
the working face of the lower coal seam.

According to the dynamic and static load superposition
principle [38], in the case of the close-distance multiseam
coal pillar mining, the mining area under the overlying coal

pillar is more likely to have strata behaviors, as shown in
Figure 7.

0j+05=0;+ aoe_u >0 i (10)
where 0 is the static load stress caused by multiple force
sources and o, is the critical stress when rockburst occurs.

The mechanistic study indicated that the main contrib-
uting factors of strata behaviors are the static stress con-
centration caused by the overlying coal pillar and the dynamic
disturbance caused by fracturing and sliding of the overlying
coal pillar and roof under the influence of mining. The
established mechanical model can quantify the static load
stress concentration caused by overlying coal pillars. The
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FIGURE 7: Dynamic disturbance diagram of mining retained pillar in close multiseam.

calculation results showed that the stress concentration
caused by coal pillars was related to the layer spacing and the
horizontal distance from the coal pillars. According to the
analysis of the coal pillars and roof structure of the upper coal
seam, it was concluded that high-energy quakes were mainly
concentrated near the overlying coal pillars, and high-energy
quakes were unlikely to occur in the top and bottom floors of
the upper goaf. According to the propagation law of stress
wave generated by vibration, the dynamic disturbance is more
obvious in the area closer to the overlying coal pillar.

The mechanistic study plays a guiding role in the
identification of anomalous areas with strong strata be-
haviors. However, there are differences between theoretical
research and actual stress distribution and surrounding rock
migration. Taking Xinzhouyao mine as an example, the
mining of multiple coal seams with coal pillars at close
distances is used to verify the mechanism of mineral
pressure manifestation under this condition through field
multiparameter monitoring methods.

4. Engineering Validation

4.1. Engineering Background. Xinzhouyao coal mine is lo-
cated in Datong Mining Area, Shanxi Province. It mainly
mines Jurassic coal seams, which are 94, 11#, and 14# coal
seams from top to bottom, respectively. The seam spacing is
mostly 8 ~30m, which is a typical short-distance multiseam
coal pillar mining mine. Xinzhouyao coal mine 11-2# and 14-
3# coal seams overlap in the East 2 and East 3 panels. A large
number of irregular coal pillars were reserved during the 11-
2# coal seam mining process, which causes severe abnormal
strata behaviors in 14-3# coal seam. In particular, during the
mining of working faces 8112, 8310, and 8308 in 14-3# coal
seam, the occurrence of strong strata behaviors is frequent,
which causes significant damage to the roadway and seriously
affects safety and efficient mining on the working face.

The 8308 working face is located in the 14-3# coal seam
in the east third panel of Xinzhouyao coal mine with a

nearly horizontal coal seam inclination angle. The working
face is buried at a depth of about 285 m, where the top and
bottom floors are all hard rocks. The histogram of the
borehole is shown in Figure 5(a). The 8308 working face
consists of 5308 track lane and 2308 belt lane 880 m long
and 131 m wide. The west side of 8308 working face is the
8310 goaf, while the east side is the 8306 working face to be
mined, in which the abutment pillar is 20 m wide. At the
distance of about 30 m to the 11-2# coal seam, the 11-2#
coal seam was mined during the mining period of 8308
working face. The 8308 working face is mainly affected by
the overlying coal pillars 1 to 4. The layout of the working
face and the distribution of the overlying coal pillars are
shown in Figure 5(b).

In tailgate, EMR monitoring point (MP) is set every 50 m
away from the open-off cut, which are Mp-200, Mp-250, ...,
Mp-700. The layout of EMR monitoring position is shown in
Figure 5(b). Microseismic system of Xinzhouyao coal mine
is an SOS system made by Polish General Institute of Mining
Research. The layout of MS equipment and probe is shown
in Figure 8.

4.2. Reginal-Localized Static Load. In areas with high stress
and high concentration, compared with other areas, positive
anomalies of P-wave velocity would occur. According to this
principle, the stress anomaly distribution area can be de-
tected by the seismic computed tomography CT. Table 1
shows the relationship between positive wave velocity
anomaly coeflicients, stress concentration, and strata be-
havior anomalies. The anomalous values are calculated from
the following formula (10) [39].

A =P " (11)

where V, is the P-wave velocity value at certain point in the
inversion area and ! is the average value of the model wave
velocity.
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TaBLE 1: Stratified statistical table of microseismic events.
Layers
Energy 14-3# coal seam floor 14-3# coal seam roof 11-2# coal seam roof
1x10*J~1x10%] 60 147 130
1x10°J~1x10°] 2 17 24

Based on the MS monitoring data during the mining
period of LW8308, the passive velocity tomography of
LW8308 is carried out. The 3D model of passive velocity
tomography is shown in Figure 9. The isoline cloud map of
wave velocity anomaly coefficients of +896 m horizontal slice
of the 8308 working face was selected as the detection result
of dangerous area. The inversion result is shown in
Figure 10.

It can be seen from Figure 10 that the high-wave velocity
anomaly zone was mainly distributed under the overlapping
area superposed with overlying coal pillars, lateral abutment
pressure, and advanced bearing pressure. In the mining
process, the high-wave velocity anomaly zone was dynam-
ically changing. As shown in Figure 10(a), the high-wave
velocity anomaly zone was located under the two diagonal
coal pillars during the mining phase, the section 100 m in
front of the working face near the coal pillars A, >0.2%. As
shown in Figure 10(b), during the mining phase, the high-
wave velocity anomaly zone was mainly located below the
overlying diagonal coal pillars in front of the working face,
and the maximum value of the positive wave velocity
anomaly A, appeared at the corners of the overlying coal
pillars 2 and 3 with A,, > 0.2%. Affected by the overlying coal
pillar and lateral abutment pressure, the wave velocity
anomaly coefficient in the high-wave velocity anomaly zone

was about two times that of other regions. According to the
calculated stress at section I-I in Figure 5(b), the peak stress
reached 1.8 times the original gravity stress, which indicated
that the seismic computed tomography CT detection results
of the shock wave were highly consistent with the theoretical
calculation results.

According to the study of the characteristics of EMR
signals during the loading of coal samples in Xinzhouyao
coal mine, it was found that the EMR signal and number of
pulses are positively correlated with stress. Combined with
the previous EMR field monitoring results, critical values for
EMR detection of danger zone were determined. When the
EMR intensity value was greater than 100mv and the
number of pulses was larger than 700 Hz, the stress con-
centration was considered to be high. The EMR data
measured by the EMR instrument (KBD5) in the roadways
near gob during the mining of the 8308 working face was
analyzed. The results are shown in Figure 11.

It can be seen from Figure 10 that the peak values of
intensity and pulse number in the EMR monitoring data
were mainly located in the range of 50~ 150 meters ahead of
the working face. The monitoring results on December 18,
2017, showed that the intensity values of the coal wall side
near 300m and 700 m from the cut-hole were more than
200 mv, and the number of pulses on the coal wall side near
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FIGURE 10: Distribution of abnormal coefficients of wave velocity in different mining times: (a) 2017-11-7 to 2017-12-20; (b) 2018-1-30 to

2018-2-10.

700 m from the cut-hole exceeded 19300 Hz. Based on the
monitoring results on December 26, 2017, it can be seen that
the EMR intensity values all exceeded 100 mv near the
working surface. The dangerous areas detected by EMR were
located under the overlying coal pillars 1, 2, and 3, which
belong to the area that is comprehensively affected by the
overlying pillars and lateral abutment pressure.

Based on the results of the regional seismic computed
tomography CT and localized EMR detection, four dan-
gerous zones with strata behaviors in the roadway were
successfully detected by the regional-localized static load
approach, which were located in the roadways near gob
with distances of 250-300 m and 600-700m to the cut-
hole, as well as Lane 2308 near 500 m from the cut-hole.
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FIGURE 11: Monitoring results of EMR in 5308 roadway: (a) 2017.12.18; (b) 2017.12.26.

Among them, floor heave of the roadway and inward shifts
of two roadway sides occurred in the roadways near gob in
the range of 250-300m and 600-700 m from the cut-out
during the mining process, which is affected by the static
load stress of overlying coal pillars 1, 2, and 3. The stress
calculation results of section I-I in Figure 7(b) showed that
the stress concentration factor of the working face directly
above the coal pillar could reach about 1.8 at a spacing
distance of 30 m between the upper and lower coal seams.
These results are in good agreement with the results of
seismic computed tomography CT, EMR detection, and
on-site strata behaviors.

4.3. Regional Dynamic Load Characteristics. Figure 12 is a
time series of daily accumulated energy and frequency of
microseisms during the entire mining period of the 8308
working face. The mining position in Figure 12 corre-
sponded to the coal and rock structure of the working face. It
can be seen that, on December 8, 2017, the working face was
advancing through the intersection of the upper section coal
pillar and overlying coal pillar 1, in which the frequency of
the energy of the microseisms began to increase. During the
period from December 8, 2017, to February 28, 2018, the
cumulative frequency of the microseismic events per day was
mostly above 10 with daily cumulative energy above
1x10*]. This period corresponded to the shift of the
roadway sides at the mining location. The maximum shift of
the two roadway sides reached 2m. After March 15, 2018,
high-frequency microseismic phenomena occurred in the
overlying areas of small coal pillars and pressure relief areas,
but the microseismic energy was generally low without
strong strata behaviors in the roadway.

Figure 13 is the source location of microseismic events
during the entire mining period of the 8308 working face.
The original microseismic data (>1 x 10*]) during the entire

mining period of the 8308 were loacted in different orders of
magnitude for spatial location.

It can be seen from the location map of microseismic
events in Figure 13(a) that the distribution of microseismic
events was closely related to the overlying coal pillars. From
the perspective of spatial distribution, the diagonal inter-
section between the overlying coal pillars and section coal
pillars is more likely to cause microseismic events with
energy greater than 10°J. Microseismic events with energy
greater than 10°] were all located in the upper coal seam.
According to the spatial distribution, it can be concluded
that the overlying coal pillars and their roofs were unstable.

Vertical section location map of the microseismic events
in Figure 13(b) indicated that the microseismic events were
mainly concentrated on the 11-3# coal seam roof when the
working face was crossing the two large overlying pillars 1
and 2. After that, microseismic events were mainly con-
centrated on the roof of the 14-2# coal seam, which is closely
related to the roof fracture of the large coal pillar from the
11-3# coal seam. Affected by the secondary fracture of the
large pillar and the roof of the overburdened 11-3# coal
seam, secondary damage occurred in the roadway after the
support and expansion measures were taken. The moni-
toring of the microseismic space location and the obser-
vation of the degree of influence of strata behaviors on the
roadway confirm the above discussion of the distribution of
high-energy microseismic events and their impacts. The
high-energy microseismic events are mainly concentrated
near the overlying coal pillars while goaf in the upper layer is
unlikely to have high-energy mine earthquakes. According
to the propagation law of stress wave generated by vibration,
the area nearer to the overlying coal pillar is more affected by
dynamic load.

For better quantitative analysis of the relationship be-
tween dynamic disturbance and overlying pillars, different
orders of magnitude of microseismic events that occurred in
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different layers of coal seam were counted (shown in Ta-  coal seam roof account for 16%, 43%, and 41% of total
ble 1). The spatial locational relationship between micro-  events, respectively, while high-energy events ranging from
seismic events and overlying pillars is shown as Figure 13. 1x10°] to 1x10°] account for 5%, 40%, and 55% in the

High-energy events (energy is greater than 10*]) distributed  three layers, and the ones surpass 1 x 10°J account for 17%,
in the 14-3# coal seam floor, 14-3# coal seam roof, and 11-2#  17%, and 66%. It can be concluded that microseismic events
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are mainly distributed in 14-3# coal seam roof and 11-2#
coal seam roof. Combining location map (shown in Fig-
ure 13), it can be obtained that high-energy microseismic
events are mainly distributed near the overlying pillars, the
higher the energy of the events, the more they are accounted
for in the upper coal seams.

Synthesizing the results of reginal-localized static load
concentration detection area and reginal temporal-spatial
microseismic dynamic load evolution results, it can be found
that the detection results of various monitoring devices are
highly consistent with the actual locations of strong strata
behaviors. Thereinto, theoretical calculation results show
that overlying pillars and lateral abutment pressure con-
tribute 78.3% and 16% to concentrated stress, respectively.
The areas with high abnormal coefficients of wave velocity
detected by CT are mainly distributed in areas affected by
both lateral abutment pressure and advance abutment
pressure under overlying pillars. Besides, the intensity and
pulses peak values of EMR monitoring data are mainly
distributed under overlying pillars too. Theoretical model
calculation results and multiparameter monitoring results
point to the same dangerous areas, where actual strata be-
haviors appeared. Through theoretical analysis of the mi-
gration of overlying strata of close-distance multiseam
mining, it can be concluded that dynamic disturbances are
mainly distributed in the static load concentration areas
affected by overlying pillars and they are highly consistent
with breakage and slippage of overlying pillars and roof
induced by mining process. In-site temporal and spatial
seismic monitoring results show that when mining across
areas under the bigger overlying pillars, microseismic energy
and count begin to rise, and accumulated energy would be
over 1x 10*] most of the time. While areas affected by the
smaller pillars and pressure relief areas are distributed with
high-frequency microseismic, but normally with low energy,
thus, there is no appearance of strata behavior in roadway.
Spatial statistical analysis of microseismic indicates that
high-energy microseismic events are mainly distributed near
overly pillars in the upper coal seam. All the results above-
mentioned verify the conclusion of close-distance multiseam
strata behaviors’ mechanism in two aspects of multipa-
rameter monitoring results and actual strata behaviors. This
method could provide a reference for mining enterprises to
quantitative calculation of stress distribution under similar
conditions and the identification of the danger zone of strata
behaviors.

5. Conclusion

(1) According to the positional relationship with the
direction of the working face, coal pillars in the close-
distance multiseam mining are divided into four
categories: parallel coal pillars, diagonal coal pillars,
vertical coal pillars, and irregular coal pillars. Based
on different classifications and characteristics of the
strata behaviors, a mechanical model for the strata
behaviors in close-distance multiseam coal pillar
mining was established. It was concluded that the
main contributing factors for the strata behaviors
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were static stress concentration caused by overlying
coal pillars and dynamic load including mining-
induced fracture and slipperiness of pillars and roofs
influenced.

(2) According to the calculation results of the me-
chanical model of Xinzhouyao mine, it can be seen
that the coal pillar directly above the roadway is the
main factor causing the stress concentration around
the roadway in the lower coal seam. At 8308 working
section I-I, the peak stress was 1.8 times the original
gravity stress, and the coal pillar directly above the
working section transmitted 78.3% of the stress. The
peak stress generated by the lateral support pressure
accounted for 16% of the vertical stress at this
location.

(3) The results of the multiparameter detection were
highly consistent with the actual position where
strata behaviors appear. The static stress concen-
tration areas were distributed in the vicinity of the
overlying coal pillar, and the stress was even higher
under the effect of superimposed lateral abutment
pressure and advanced bearing pressure. The over-
lying pillar roof was well supported by the coal
pillars, but under the effect of stress concentration,
dynamic energy disturbances are more likely to
occur under repeated mining. Since the roof of the
upper goaf was fractured sufficiently, the dynamic
disturbance caused by the fracturing and migration
of the roof on the upper goaf was insignificant when
mining the lower coal seam. The on-site multipa-
rameter detection results and actual strata behaviors
characteristics confirmed the relevant conclusions of
the strata behaviors mechanism of the close-distance
multiseam mining. This mechanical model can be
used to guide the identification of dangerous strata
behaviors in the close-distance multiseam coal pillar
mining.
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