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Abstract The stability of underground caverns subjected
to unloading disturbance is very important for engineer-
ing practice during construction stages. The rocks in the
Xinzhuangzi Coalmine in Huainan are becoming increas-
ingly unstable with the advancement of the excavation face.
To evaluate the stability and failure mechanism of the sur-
rounding rock mass, a microseismic (MS) monitoring system
was employed to round-the-clock monitor the microseismic
activities in the 62nd mining area. This MS-monitoring sys-
tem was used to obtain the relationship between the MS
activities and the excavation schedule. The potential risk
zone of the surrounding rock mass was determined according
to the temporospatial distribution law of the MS events. To
reveal the instability mechanism of the potential risk zone, the
seismic source parameters of the MS clusters were analyzed.
The results show that the deformation and failure mecha-
nisms of the potential risk zone were non-shear associated
with the stress-induced fracturing. Moreover, the wall caved
close to the free faces. The temporospatial evolution law of
the MS events and analysis of the seismic source param-
eters could be used to reveal the instability mechanism of
the surrounding rock mass, which is a promising method
for determining the damage and failure zones due to the
excavation-induced unloading.
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1 Introduction

In recent years, several deep-buried underground projects
are being constructed in China. Many studies found that
the geological conditions change because of the excavation-
unloading effect, usually causing mining damage and geo-
logical degradation. The high-intensive excavation process
leads to stress redistribution and rapid changes in the stress
and strain; moreover, it even induces unstable geological haz-
ards, such as rock bursts, which are a threat to builders and
equipment. Hence, the stability of the surrounding rock mass
has played a significant role in the safe construction of deep-
buried engineering projects [1-3].

In fact, many scholars, domestic and foreign, have inves-
tigated the instability mechanism of the surrounding rock
mass due to the excavation-induced unloading. Zhu et al.
[4,5] proposed a methodology to evaluate the side-wall dis-
placements of underground openings, considering different
conditions, whose calculation results were consistent with
those obtained using in situ measurements. Sitharam and
Latha [6] used a practical, equivalent continuum approach
to investigate the properties of jointed rock masses. Yaz-
dani et al. [7] performed a displacement-based numerical
back analysis to investigate the properties of the rock mass.
The calculated results obtained using the continuum and
discontinuum approaches matched well with the measured
displacements. Aydan et al. [8] proposed empirical equations
to evaluate the damage inflicted to the underground struc-
tures during earthquakes. Yoshida and Horii [9], Tezuka and
Seoka [10], and Dhawan et al. [11] investigated the exca-
vation response of a large-scale cavern based on the finite

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-017-2728-3&domain=pdf

1710

Arab J Sci Eng (2018) 43:1709-1719

element and discrete-element methods. Zhang et al. [12] pre-
sented a method based on the “virtual block™ concept, which
is a significant improvement over the existing stratified rock-
engineering methods. Li et al. [13] investigated the measured
results of the surrounding rock due to unloading disturbance,
including displacement, excavation damaged zone (EDZ),
and deformation convergence. Moreover, they investigated
the mechanical behavior of loosened zones, which helped in
optimizing the support systems. The aforementioned stud-
ies extended the understanding of damage mechanisms and
stability assessments of surrounding rock masses. In recent
years, in situ measurement methods have been widely used
in underground engineering such as multiple position exten-
someters and microseismic (MS) monitoring techniques. The
measurement results reflect the mechanical mechanism of
surrounding rock masses due to excavation unloading and
provide a reliable basis for the numerical simulation and lab
tests.

The MS-monitoring technique is a high-tech and infor-
mative dynamic monitoring technique used to detect the
micro-fracturing signals of the surrounding rock mass in
real time. The technique can be used to capture and record
the initiation and propagation of new fractures or exist-
ing fractures by analyzing the characteristics of the signal,
such as amplitude distribution, energy rate, location, and
moment magnitude [14-16]. Consequently, the deforma-
tion and failure properties of the rock mass can be assessed
and identified based on the information obtained using the
MS-monitoring technique. The MS-monitoring technique
has come into wide use in many fields, including rock
slopes [17,18], underground mining [19-21], deep tunnels
[22-25], and generation of electricity using hot dry rocks
[26]. According to the temporospatial distribution law of
the MS events, Xu et al. [27] studied the dynamic insta-
bility process and evaluated the stability of the rock mass
due to the unloading disturbance in the Jinping first-stage
hydropower station. Gibowicz et al. [28] summarized the
studies on seismicity due to excavation, which covered
the microseismicity triggering mechanism, prediction and
treatment of microseismic events, and improvement in the
microseismic monitoring system. By analyzing the MS clus-
ters in a coalmine, Lesniak and Isakow [19] established the
relationship between the occurrence times of high-energy
tremors and evaluated the hazard function. Chen et al.
[29] summarized and investigated the mechanical mecha-
nism of rock bursts by analyzing the MS evolutional laws
applied near the rock burst. Hudyma and Potvin [20] pro-
posed a new engineering method to control the seismic risk
in hard rock mines. By investigating the MS effects, Lu
et al. [21] determined the frequency-spectrum evolution-
ary rules of MS events before and after a rock burst due
to roof falls. However, in the aforementioned studies, the
MS-monitoring technique has rarely been applied to eval-
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uate the stability of deep-buried mines with the excavation
face advancing.

An MS-monitoring system was installed to round-the-
clock monitor the microseismic activities in the 62nd mining
area of the Xinzhuangzi Coalmine in this paper. By investi-
gating the temporospatial distribution of the MS events, the
potential risk zones were determined. Moreover, the defor-
mation and failure of the potential risk zone were evaluated
based on the MS data. The MS parameters, moment mag-
nitude, and Es/Ep were analyzed. The deformation and
failure mechanisms of the surrounding rock mass were then
revealed.

2 Engineering Background
2.1 Project Introduction

The Huainan Coalmine, which is approximately 140km
long along the eastwest direction and 20-30km wide along
the southeast direction, is located in the north-central part
of Huainan in Anhui, covering an area of approximately
3200 km?. The main structural trace of the Huainan Coalmine
is the largely EW-trending tectonic basin, which lies in the
southern margin of the Huabei slab. The imbricate fan of the
thrust-nappe structure is developed along the south and north
flanks of the tectonic basin. Moreover, a synclinorium with
northwest by west is situated in the center of the tectonic
basin.

Because of the complexity of the geology conditions and
mining procedures, many problems exist in the Huainan
Coalmine, such as coal and gas outbursts, rockbursts and
gushing water. The Huainan Coalmine is concealed by the
Cenozoic loose beds. The coal-bearing strata include the
upper carboniferous Taiyuan formation and the Shanxi for-
mation and the lower Shihezi formation and upper Shihezi
formation of Permian. The coal seam in the Taiyuan forma-
tion is thin and unstable; thus, it is unfit for mining. The total
thickness of the Shanxi and Shihezi formations is 755m,
which is divided into seven coal-bearing members. The total
thickness of the coal seam is 33.74m, and the coal-bearing
ratio is 4.5%. The mineable coal thickness is 25.1 m.

2.2 In Situ Stress Conditions

The in situ stress measurements were conducted at the depths
in the range of —500 to —1000m in the Huainan Coalmine
using a hydraulic- fracturing technique. The analyses of
twelve effective measuring data (see Table 1) indicate the fol-
lowing: (1) The in situ stress field in the Huainan Coalmine,
wherein the tectonic stress is predominant, is dominated by
the horizontal stress and can be classified under the typical
tectonic stress field. (2) The maximum principal stress is in
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Table 1 In situ stress measurement results using hydraulic-fracturing technique

Position of each No. Z (m) oy (MPa) o, (MPa) oy (MPa) IH Th.av Orientation of og (°)
measuring point ov ov
Ventilated roadway 1 502.0 20.85 11.62 11.44 1.81 1.41 84
about 502 m below sea
level in Paner mine
Connection roadway 2 535.8 20.64 10.84 12.14 1.67 1.28 83
about 522 m below sea
level in Paner mine
3 537.8 20.20 10.99 12.36 1.63 1.26 84
52nd cross-hole about 623.0 15.74 8.19 14.33 1.10 0.84 66
612m below sea level
in Xinzhuangzi mine
627.0 15.92 8.61 14.42 1.10 0.85 64
629.0 17.00 9.46 14.47 1.18 0.91 65
Cis transportation 842.0 20.22 11.78 18.46 1.09 0.86 80
roadway about 820 m
below sea level in
Wangfenggang mine
843.3 20.11 11.78 18.52 1.08 0.86 79
844.2 18.67 11.20 18.58 1.01 0.80 81
Shaft station about 10 981.0 24.07 12.38 21.48 1.12 0.84 82
960 m below sea level
in Wangfenggang
mine
11 983.2 23.39 12.07 21.63 1.08 0.82 83
12 984.7 22.68 11.93 21.71 1.05 0.80 83

the range of 19-23 MPa, indicating that the in situ stresses
are high. (3) The lateral-pressure coefficient, defined as the
ratio of the maximum horizontal principal stress to the verti-
cal principal stress, decreases with the increase in the depth;
the in situ stress field changes from dynamic to static. (4)
The orientation of the maximum horizontal principal stress
is approximately NEE-EW. The relationship between the in
situ stress and the tectonics for the Huainan mining area indi-
cated that the orientation of the maximum principal stress
was closely related to the tectonic movement, whereas the
orientation of the current tectonic stress field is roughly iden-
tical with that of the measured maximum horizontal principal
stress of the mining area.

3 Excavation-Induced MS Activities
3.1 Principle of MS Monitoring

The MS-monitoring technique is one of the major methods
of monitoring the stability of rock masses in underground
engineering projects by obtaining the acoustic emission per-
taining to the rock- mass fracturing. Studies show that rock
masses release the stored energy in the form of acoustic

waves for some time before failure. The amount of energy
released changes along with the stress states of the rock mass.
Each signal contains important information, which reflects
the changes in the physico-mechanical conditions in the rock
mass. The MS monitoring can be used to capture and record
the initiation and propagation of new fractures or existing
fractures by analyzing the characteristics of the signal such
as amplitude distribution, energy rate, location, and moment
magnitude. Consequently, the deformation and failure mech-
anism of the rock mass can be assessed and identified based
on the information obtained using the M'S monitoring. In par-
ticular, based on the dynamic evolution of the MS events, the
potential unstable regions can be identified.

3.2 Determination of Measuring Range

The Xinzhuangzi mine (see Fig. 1) with complex geologi-
cal conditions is vulnerable to dynamic disaster, particularly
in the 62nd mining area. After previous on-site inspection
and data analysis, the physico-mechanical properties of the
coal and rock in the 62nd mining area were obtained. To
monitor the unstable behaviors in the overlying rock strata
of C13 and C14 working faces during the mining period,
a high-resolution MS monitoring system was employed to
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round-the-clock monitor the MS activities in the 62nd mining
area. The extraction scheme and construction convenience
are the major considerations when designating the monitor-
ing areas. After determining the main monitoring areas, the
installation layout and arrangement density of the sensors
must ensure the optimal MS location and accurate monitor-
ing. Hence, the monitoring areas were selected as follows.
Thirty sensors were installed on the floor roadways at a dis-
tance of approximately 660 or 730 m below the sea level in
the working faces, which formed a three-dimensional moni-
toring space and covered largely the entire mining area (see
Fig. 2).

To ensure accurate and sensitive monitoring, the average
distance between adjacent sensors was in the range of 50—
120 m, forming a more balanced distribution. Table 2 presents
the three-dimensional coordinates of the thirty sensors.

@ Springer

To evaluate the reliability of the sensors, beating experi-
ments were conducted close to the position of the installed
sensors. In addition, to obtain the source location error, on-
site blasting experiments were conducted. Accordingly, the
velocity was measured by conducting seismic-wave velocity
experiments. Eleven blasting positions in the working face
were determined using the total-station. The wave velocity
of the surrounding rock was about 4300 m/s, which was used
to set the corresponding parameters in the system to locate
the blasting events. Based on the test results, the mean loca-
tion error was less than 5 m, implying that the accuracy of the
MS-monitoring system was high. The triggering threshold of
STA/LTA was set as 3 with the intent to filter the noise, whose
reasonability was verified after half-a-year applications. The
filtered noise events were shown in the data reception win-
dow as gray stripes, whereas the MS events or some blasting
events appeared blue, as shown in Fig. 3. Figure 4 shows the
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Esggiiatglgefet_}(liilrr:;ezesrllzgi Position Sensor X-Northing Y-Easting Z-Elv

installed in the mining area Floor roadway about 1 3600.10 7912.60 —655.70

660 m below sea level

2 3643.70 7888.00 —659.70

3 3691.80 7859.00 —656.30

4 3738.50 7833.10 —656.80

9 3842.60 7767.60 —657.50

10 3881.40 7740.60 —657.40

11 3926.10 7709.30 —657.90

12 3979.30 7672.30 —657.80

13 4028.60 7637.50 —658.30

14 4115.80 7576.50 —658.70

15 4150.10 7552.80 —658.30

16 4170.60 7538.70 —658.10

17 4242.90 7488.30 —657.40

Floor roadway about 20 4334.00 7558.30 —723.90

730m below sea level

21 4262.00 7605.00 —723.90

22 4226.80 7627.30 —724.40

23 4109.20 7704.10 —724.40

24 4047.50 7747.70 —724.10

25 3979.00 7795.20 —723.80

26 3932.90 7827.70 —723.50

27 3890.50 7857.50 —723.10

28 3854.10 7883.10 —722.70

29 3814.70 7910.90 —722.50

30 3752.70 7954.20 —721.80

Mechanical roadway 5 3780.40 7787.40 —657.10

3837.70 7724.10 —640.00

3857.70 7685.50 —629.40

8 3883.80 7636.00 —614.60

18 4043.20 7549.70 —637.30

19 4092.70 7630.30 —680.40

typical waveforms of the MS events. To ensure the location
accuracy, four sensors should be triggered to receive the MS
signals, which would be converted into MS source parame-
ters such as location information, radiated energy and source
radius. Based on the analysis of the MS source parameters,
the mechanical mechanism of the surrounding rock can be
understood.

3.3 Temporal Distribution of MS Events

The system came into use on May 16. The different prop-
erties of the microseismicity including MS events, blasting
events, and the noise due to the constructions and machiner-
ies were received. Based on the statistics, 2531 effective MS
events were recorded after extracting the disturbing signals
until October 20. Figure 5 shows the temporal distribution of

the MS activities from May 16 to October 20. It was found
that approximately 0-50 MS events came about every day
with an average of approximately 16 MS events a day. The
MS events during the initial excavation period for 1# road-
way were relatively quiet, from approximately May 16 to
June 16. The sharp increases in the MS events on May 26
and August 19 were primarily induced by the excavation-
unloading disturbance. As shown in Fig. 5, the MS signals
activated, and the MS events continued to increase until the
end of August.

The blasting activities (see Fig. 5) obtained using the mon-
itoring system indicated that the change in the MS events is
closely associated with the frequency of the blasting exca-
vation. The more the blasting activity, the more frequent is
the MS events. Because of the unloading disturbance, the
initial stress balance is low and the internal stress redis-
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Fig. 4 Typical waveforms for MS events recorded in working face. a MS events (large amplitude), b MS events (small amplitude), ¢ noise events,
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Fig. 5 Temporal distribution of MS activities and blasting activities
from May 16 to October 20

tributes, resulting in a local stress concentrated area in the
surrounding rock. When the stress and energy concentrated to
a certain extent, micro-cracks initiated along with the release
of energy, and subsequently, a new stress balance formed. Dai
etal. [30] proposed that stress redistribution due to unloading
disturbance has a greater effect on MS activities compared
with transient excavation impact, which gives further expla-
nations. The continuous increase in the MS events generally

@ Springer

resulted from the abrupt change in stress redistribution of the
surrounding rock mass due to the blasts. It can be regarded
as an onset of unstable failure of rock mass.

3.4 Spatial Distribution of MS Events

The micro-fracture initiation and propagation reflect the
stress redistribution and corresponding displacements of the
rock mass. Thus, itis significant to localize the micro-fracture
location in the rock mass to study the process of rock fail-
ure and predict the final failure position. Figure 6 shows the
results of the MS monitoring from May 16 to August 11
in the 1# roadway tunneling process. During May 16-31,
the micro-fracture clusters began to emerge in both 1# and
2# roadways, and most of the MS events were distributed
in a cuboid area, which is 30m long, 30 m wide, and 50m
tall (see Fig. 6a). As shown in Fig. 6b, the micro-fractures
were found to extend along the left of 2# roadway on June
1. Consequently, more MS events gathered in the left close
to the connection roadway. During June 16-30, apparent
micro-fracture concentration zone shifted to the connection
roadway, whereas the MS activities of the other zones were
relatively quiet. In the next 15 days, more MS events were
detected in the connection roadway, shown in Fig. 6d. How-
ever, the continuous excavation of 1# roadway resulted in
the transfer of MS events. As shown in Fig. 6e, f, dense
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MS events were captured in 1# and 2# roadways, forming
the micro-fracture concentration areas, implying that the MS
activities began to enter the active period and more attention
needed to be paid.

Figure 7 shows the evolution of a potential risk zone in
2# roadway obtained using the MS monitoring. As shown
in Fig. 7a, a significant number of MS events appeared in
2# roadway on 11 August. In the next 15 days, some micro-
fractures with large magnitude, amplitude, and energy rate
were initiated in 2# roadway, albeit in small amounts. During
August 25-September 30, the micro-fractures continued to

propagate; thus, the MS events appeared more in this area.
Moreover, the amplitude of most of the MS events was above
200 mv, indicating that higher energy was released as the frac-
ture propagated. Consequently, the area in 2# roadway at a
distance of 150 m from the connection roadway was deter-
mined as the main damage zone in the working face. In this
zone, a large number of high-magnitude and high-energy MS
events were observed, indicating that the released energy is
large in magnitude in the surrounding rock subjected to the
unloading disturbance. Based on the theory of energy dis-
sipation, a micro- crack represents a slight damage. As the
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damage accumulates, the energy inside the surrounding rock
is continuously released, thus decreasing the magnitude of
the mechanical parameters and further increasing the dam-
age.

4 Deformation and Failure Forecasting of Potential
Risk Zone Based on MS Data

The study found that the MS events were largely concentrated
in the specific areas where the surrounding rock mass were
prone to failure. The investigation on the activity patterns
of the MS event clusters helped in evaluating the damage
risks and provided a basis for excavation and support. The
deformation and failure assessment of the potential risk zone
in the working face were analyzed in this section based on
the MS-monitoring signals.

Figure 8 shows the changing process of the moment mag-
nitudes with respect to time in the potential risk zone, as
indicated in Fig. 7. The x-axis represents the time during
which the MS system was used, whereas the y-axis repre-
sents the moment magnitudes of the MS events obtained
from the MS system. The moment magnitudes of the MS
events recorded in the potential risk zone ranged from —1.4
to 0.3, and 70% of them concentrated in the range of —1.2
to 0.2, which formed a normal distribution with a mean of
—0.8. The red line indicates the mean value of the normal
distribution, as shown in Fig. 9. The results of the analysis
are that the moment magnitudes of the MS events subjected
to unloading disturbance were higher, which revealed that
more serious damage was induced within the rock mass.

The MS-monitoring system can be used to calculate the
energies of the P-wave and S-wave, which were emitted

Percentage

70

Fig. 9 Es/Ep curves of MS events in potential risk zone obtained from
MS monitoring

from the seismic source. The energies of the P-wave and
S-wave are expressed as Es and Ep, respectively, whereas
Es/Ep served as an indicator to investigate the mechanical
mechanism of the seismic source. Many studies showed the
characteristics of the P-wave and S-wave and the difference
between them. Gibowicz et al. [31] showed that more energy
was induced in the S-wave from the MS events than that
in the P-wave when the fault slip occurred. Es/Ep higher
than 10 represented the fault-slip mechanism and closer to
3 revealed the non-shear mechanism including the tensile
failure and stress-induced fracturing, which was proposed
by Boatwright and Fletcher [32]. A similar conclusion was
obtained by Gibowicz and Kijko [33] based on the calcu-
lation using an equation. When evaluating the fracture size
combined with a tensile model, Cai et al. [34] concluded
that approximately 78% of the 804 events had Es/Ep less
than 10, which was consistent with the in situ tensile failure.
Based on the above studies, Es/Epwas also used to assess
the deformation and failure mechanism in the potential risk
zone. Figure 9 shows the Eg/Ep curves of the MS events
in the potential risk zone obtained from the MS monitor-
ing. It was found that approximately 74% of the MS events
in the potential risk zone had an Eg/Ep value of below
10, indicating that the deformation and failure mechanisms
were non-shear associated with the stress-induced fracturing
due to the blasting excavation. After excavating the under-
ground caverns, the surrounding rock before reinforcement
near the free face has no horizontal pressure, which is more
likely to undergo tensile damage due to the vertical princi-
ple stress. Numerical studies [35] and in situ measurements
[36,37] indicate that the adjustment of stress is complicated,
including stress increase and decrease and stress rotation.
The frequent unloading effect gives rise to constant adjust-
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Fig. 10 Cracking occurs in potential risk zone obtained using MS
monitoring

ment of the local stress, causing a significant number of small
tensile fractures with low magnitude and low energy.

Based on the analysis of the seismic characteristics of the
MS events, the failure mode of the surrounding rock mass
in the potential risk zone was revealed. As shown in Fig. 10,
the cracking occurred in this zone because of excavation dis-
turbance. Some studies presented that even small tangential
stress will give rise to the fracture of surrounding rock sub-
jected to unloading disturbance [38,39]. A lot of new cracks
propagate and ran through in the process of stress adjust-
ment, eventually leading to a macroscopic failure. The failure
risk control of the roadways excavated by drilling and blast-
ing methods involves modifying the shape of the roadway
face and reducing the blasting circulation measurement, or
employing a stress release method to reduce the stress con-
centration of the surrounding rock. In addition, it is important
to enhance the impact-resistant ability of the surrounding
rock to select high-quality supporting structure system. The
conventional rigid anchor bolts often exhibit tensile failure
and, hence, are unable to adapt to large deformations of the
surrounding rock. A type of anchor bolt with constant resis-
tance and large deformation can be used to effectively control
damage risks. The reason is that this system comprises a
constant resistance device and an elastic rod, which help in
providing a constant resistance and stable deformation.

5 Conclusions

The MS-monitoring system was implemented in the Huainan
Coalmine, which was used to monitor in real time and evalu-
ate the stability of the surrounding rock mass in the working
face. According to the temporal distribution of the MS events
obtained using the MS monitoring system, it was found that
the MS activities were strongly influenced by the excavation

@ Springer

unloading. The sharp increase in the MS events occurred at
the end of August, resulting from an abrupt change in the
stress or stress redistribution of the surrounding rock mass
subject to excavation. This behavior can be regarded as an
onset of instable failure of the rock mass.

The micro-fracture initiation and propagation reflect the
stress redistribution and corresponding displacements of the
rock mass. Thus, itis significant to localize the micro-fracture
location in the rock mass to study the process of the rock
failure and predict the final failure position. Based on the
results of the MS monitoring, the spatial distribution of
the MS events was obtained. The results indicated that the
micro-fractures continued to propagate; thus, the MS events
concentrated in an area in 2# roadway from August 25, which
was at a distance of 150 m from the connection roadway. The
potential risk zone in the working face was determined using
the MS-monitoring technique.

The deformation and failure forecasting of the potential
risk zone was conducted based on the MS data. The MS
parameters, moment magnitude, and Es/Ep were analyzed.
The results indicated that a more serious damage was induced
within the rock mass because of the excavation-induced
unloading. Moreover, the deformation and failure mecha-
nisms were non-shear associated with the stress-induced
fracturing. Thus, the key measures, such as anchoring and
shotcreting and hanging steel bar meshes, should be imple-
mented to control the main potential risks.
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