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Abstract Micro-seismic (MS) technique can be
used to appreciate rock failure process and severity
of damage by quantifying micro-earthquakes in terms
of time, location, grade, and energy release. Based on
3D laser detection and high-precision micro-seismic
monitoring, this study analyzes the MS activity, stress
and displacement evolution linked with the instabil-
ity/failure property of hidden goaf incorporating sev-
eral blasting disturbances in an open pit mine. MS
monitoring outcomes reveal two arch fracture zones
in the goaf roof, and MS occasions are mostly intense
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at rock-intersecting interface of north—south goafs.
Evolution of apparent stress, apparent volume, and
displacement reveals that the goaf is currently in a
stable state. The current investigation offers a novel
field method and view of inspecting the stability of
goaf subjected to blasting disturbance in mines.

Article Highlights

(1) With the blasting disturbance of the upper plat-
form, two arched fracture zones formed on the
roof of the goaf.

(2) Inversion of seismic source parameters indicates
that the boundary between the north and south
airspace is a danger prone area.

(3) The roof of the goaf near the foot of the slope is a
potential area of collapse and damage.

Keywords Micro-seismic technology - Goaf
instability - Rock failure - Blasting disturbance -
Failure

1 Introduction

Goaf refers to mined-out areas after the mining of ore
in underground mines (Jia et al. 2021). In the early
stages of underground mining, metal mines usually
use mining methods such as open-stope method and
short-hole shrinkage method, resulting in the creation
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of many goafs and their widespread distribution
underground (Yan et al. 2022; Yin et al. 2020). The
existence of goafs creates a severe risk to the security
of mines, easily giving rise to various mine disasters
and accidents (e.g., roof caving, collapsing, rib fail-
ure, and flooding (Juang et al. 2022; Tian et al. 2021;
Zhang et al. 2023; Zhuang et al. 2022). The collapsed
rocks in the goaf will suddenly compress the air and
generate shock waves, which may govern fatalities
and harms to tools and structures (Huo et al. 2022;
Xie et al. 2022b; Zou et al. 2021). Goaf collapse may
also damage the impermeable layer and cause under-
ground water inrush (Liu et al. 2022).

Shallow goaf’s large-scale collapse can cause sur-
face collapse, leading to damage to surface buildings
and casualties, and even triggering mining earth-
quakes, mountain landslides (Zhang et al. 2019). His-
torically left goaf is often not addressed in a timely
manner due to reasons such as missing design data.
Thus, lie concealed goaf’s stability is important for a
fruitful surface mining process due to its uncertainty
of position, size and shape caused by people’s illegal
mining of ores (Emmanuel et al. 2018). Goaf col-
lapses could be induced by multiple blasting or other
dynamic disturbance during mine production process
(Wang et al. 2013; Zhao et al. 2020; Zhou et al. 2018;
Zhu et al. 2022).

Investigation of stability analysis and evaluation
methods for goaf has always been a hot topic of con-
cern (Jia et al. 2022; Kaya and Tarak¢i 2021; Méanica
et al. 2020; Talibe Keita et al. 2021; Xia et al. 2019).
Its influencing factors mainly include hydrogeological
and natural circumstances (e.g., the burial distance,
inclination position, width, and lithology of ore body
layers, as well as human aspects (e.g., mining meth-
ods, blasting disturbances, and mining frequency)
(Ram et al. 2022; Saeidi et al. 2021; Wang et al.
2023). The research methods mainly cover theoretic/
physical work, arithmetic model, and on-site monitor-
ing methods (Karian et al. 2016; Seymour et al. 2019;
Xu et al. 2015; Yan et al. 2023). To reduce the risk
of roof fall, water inrush, and surface collapse caused
by the instability and failure of goaf, the in-situ moni-
toring methods have become a research hotspot in
mine disaster prevention and control (Xu et al. 2021).
Goaf’s stability observing largely adopts the method
of either point or field observing. The first chiefly
covers interior stress observing, surface movement
watching, and inner dislocation observing of rock
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mass. The latter mostly covers micro-seismic (MS)
observing and electromagnetic radiation observing,
among which MS monitoring is considered a very
effective field monitoring method for evaluating the
stability of goaf (Dyskin et al. 2018; Wang et al.
2021).

MS technology, aka micro earthquake, refers to
vibration generated by the internal crack growth of
rocks under external action (Chen et al. 2022; Ma
et al. 2022; Zhao et al. 2021b), which propagates
in the form of waves (Dong et al. 2015). This phe-
nomenon is more obvious for the rock in an aniso-
tropic stress state and influenced by the geological
structures and engineering disturbances (Chen et al.
2023; Xie et al. 2022a). To further record and ana-
lyze the regularity of this vibration wave, several
micro-seismic parameters in terms of time, location,
grade and energy release are determined (Huang et al.
2018), and finally determine the stability of rock mass
within the monitoring range, a complete monitoring
technology, namely MS monitoring technology, has
been gradually formed (Ge 2005; Tang et al. 2010).
Maxwell et al. (Maxwell et al. 2010) employed the
micro-seismic information to detect seismic events
of creation of a oil basin that escort injections into
or manufacture from basin. Liu et al. (2017) studied
comprehensively the critical aspects of road insta-
bility over the whole failure growth method using
micro-seismic monitoring and believed that the rock
instability precursor can be captured by the response
of micro-seismic information. Xue et al. (2021a)
considered MS observing technology to detect real
time responses of tunnel surrounding rock during
its progressive failure, and stress/volume/frequency
was captured for guiding on-site construction in real
time and believed that this technique can solve the
tricky faced. One can state that many researchers
clarified basic precursors of ground collapse in high-
stress rock bodies through the MS technology (Rigo
et al. 1996; Wang et al. 2021; Yin et al. 2021; Zhao
et al. 2021a). Several scholars have released plen-
tiful reports covering early-warning/risk study of
goafs using MS method. Nevertheless, there are few
research reports on the MS monitoring results and
laws of roof stability in shallow goaf subjected to
several blasting disturbances which are important for
evaluating whether the open pit mine can continue to
work safely.
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The current investigation releases the stability of
the goaf occurred in an open pit mining and uses a
three-dimensional (3D) laser detector to perform fine
modeling of the goaf. MS observing technique is
established for exploring progressive failure process
of rock mass surrounding the goaf under blasting dis-
turbance as a function of cumulative variations in var-
ious factors (e.g., apparent stress/volume). The fea-
tures and signs linked with the failure of goafs could
analyze in advance.

2 Background and goaf detection

The field work was undertaken in a Chinese open pit
iron-rich ore mining site. After uneven mining and
fast excavating operations, some goafs have been
created in this mining zone. As a result of open pit
expansion/extension, the goaf has posed a great threat
to the normal mining production and brought great
difficulties to both extraction/use of deep Fe-rich ores
and mining plans’ application. Underground goaf
seriously threatens the security of huge mining tools,
and leads to severe potential safety hazards to mine’s
security/basting feature. As shown in Fig. 1, on 15
April 2016, No. 13 drilling rig in E-4049.458 m,
N-242.721 m and H-209.8 m in single tree expan-
sion zone formed the hole with an east-west length
of about 45m, a north—south length of about 44 m,
an area of 1499 m? and a surface subsidence of 7 m.
On 5 May 2016, a subsidence area was formed at
E-3426.508 m, N-373.914 m and H-158.4 m of the

Fig. 1 Mining subsidence
area caused by irregular
mining and goaf detection
process of studied mine site

single tree mining area, with an east-west length of
about 3.2 m, a north—south length of about 2.9 m and
an area of 8 m? and a surface subsidence of 0.1 m.

Figure 1 displays 3D laser scan technology being
used for exploring the volume/shape of goafs by
installing the MS monitoring system. Specific opera-
tion stages have been followed: In a potential goaf
area on+ 145 m platform, vertical holes are firstly
drilled by a shallow hole-drill rig, penetrating goaf’s
roof. Goaf boreholes are then introduced in differ-
ent directions. After these two important actions, 3D
laser scan has been employed for receiving goaf scan
models in varied ways, splicing goaf scan models as
stated by the confirmed coordinate points. In conclu-
sion, the shallow goaf’s geometry/size has been deter-
mined eventually.

3 Establishing an in-situ MS monitoring system
at the goaf

Micro-seismic refers to the vibration generated by
seismic waves during the development of cracks in
rocks within a limited zone caused by the induced fac-
tors (e.g., digging). MS observing technique is use of
recording/analyzing MS wave information to obtain
data on the time, source location, magnitude, energy
release, and nonlinear strain area of micro-seismic
activity in rock masses, to judge, assess, and predict
rock mass stability within the range of observing.
Before the failure of rock mass, accumulated energy
is mostly unrestricted in elastic wave form (i.e. micro
earthquakes). The energy’s intensity causes variations

Location.of explosions

,v o

Detected goaf'sivolume
and shape i

Iaser.detection
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as instability may happen. So every elastic wave (MS
wave) includes useful knowledge on the changes in
rock mass’s internal state. If several probes are set-
tled in an assured array form nearby damaged area
to create a probe range, and as micro-seismic appear
in observing body, sensors can collect micro-seismic
signs and alter it into voltage/charge. The period
as each probe takes any sign is measured by multi-
point synchronous data gathering, and directs of each
probe and the gauged wave speed are substituted into
equation set for solution, The spatio-temporal param-
eters of the micro-seismic source can be determined
for positioning purposes. The schematic diagram of

Fig. 2 Detailed arrange-
ment scheme of the micro-
seismic monitoring

micro-seismic monitoring principle is shown in the
Fig. 2. The specific installation and testing process is
described below.

(1) Selection of sensors

According to the empirical data of mine micro-
seismic monitoring, it can be concluded that there is
an empirical relationship between the type, frequency
and layout density of sensors of mine’s MS observing
method and the earthquake intensity and monitoring
range (Table 1).

Am3

X400
)
132.6 ) -
— X600 - X500
P1 Magnetite P2 Hematite /_\/\ Limit of the goaf
Am3 Amphib olite K Schist . Monitoring points
Table 1 Relationship between sensing limits and the scope of monitoring area
Minimum mag- Maximum Average volume Number Sensor Minimum den-  Bandwidths (Hz)
nitude magnitude (km®) of events sity (km)
Type Frequency (Hz)
(day)
1-0 4~5 30%x30%x5 100 Velocimeter 1;4.5 Minimum five 0.5-300
Sensor spac-
ing>2
0-1 4 3x3x%x3 1000 Velocimeter 4.5;28 Minimum five 2-2000
Sensor spac-
ing<1
—3to—4 3 0.3x0.3x0.3 10,000 Accelerometer 10,000 Minimum five 3-10,000

sensor spac-
ing<0.3
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Table 2 Technical factors of 14 Hz-speed sensor

Parameters Index
Frequency range (+3 dB) 6-2000 Hz
Open circuit damping 0.185+5%
Standard coil resistance 3500 Q+5%
Open circuit sensitivity 80.0 Vim/s +5%
Damping (0.7) sensitivity 56.1 Vim/s+5%
Diameter 51 mm

Length 300 mm

Weight 1.3 kg

More than 76 mm
600 m

Installation hole diameter

Installation test water depth pressure

The surface elevation of the northern vacant area
in the Xiaobeigou area is+145.1 m, about 65 m
long and 48 m wide, and the average thickness of the
roof is about 24 m. Considering the impact of blast-
ing operation and geological structure on the upper
bench, the monitoring range can reach at least a spa-
tial scale of 200 m long, 150 m wide and 50 m high.
Therefore, the velocimeter with a natural frequency
of 14 Hz is selected as the micro-seismic sensor for
the network construction in the Xiaobeigou vacant
area for micro-seismic monitoring. Table 2 shows rel-
evant technical factors.

(2) Micro-seismic sensor layout scheme

In view of shallow goaf’s features, the 8-channel
micro-seismic monitoring system established by IMS
(Institute of Mine Seismology) having instantane-
ous performance and strong precision is selected as a
monitoring means by comprehensive comparison and
analysis from all aspects. System’s hardware is alien-
ated into three fragments: probes, and data collector/
communication parts.

For Xiaobeigou goaf, roof’s thickness in the
south zone is 12-20 m, the roof scum’s width is
nearly 5 m, the actual roof thickness is only 7-15 m,
and the roof thickness is thin; Roof’s width in the
north zone is between 22 and 26 m, the thickness of
the roof scum is between 2 and 3 m, and the actual
thickness of the roof is about 20 m. Considering
the favorable principle of micro-seismic station
layout, micro-seismic sensors are suitable for the
north area. At the same time, in view of the limita-
tion of the number of channels and sensors of MS

observing method, it is arranged in northern area of
the Xiaobeigou goaf. In order to avoid that the sen-
sors are not in a straight line and a plane as much
as possible, during the construction of sensor drill-
ing, it is ensured that the drilling holes are not at
the same elevation, and the inclination of the drill-
ing holes are also different to ensure the monitor-
ing accuracy of micro-seismic as much as possible.
Figure 2 displays the selected sensor layout scheme
while and Table 3 lists 3D spatial coordinates of the
Sensor.

(3) Positioning accuracy test

To obtain accurate spatial location of micro-seis-
mic events, it is necessary to conduct blasting loca-
tion test. According to the rock sample data sampled
and tested on site, the propagation velocity of longi-
tudinal wave is mostly between 2500 and 3700 m/s.
Thus, the mean propagation speed of P and S waves
in rock mass is initially set as 3000 and 1800 m/s,
respectively, and velocities of P and S waves cali-
brated by blasting test are 2709 and 1564 m/s,
respectively. For wave velocity correction, fixed-
point blasting on site (with specific three-dimen-
sional coordinates of the blasting point known) are
used, pick up the blasting waveform through micro-
seismic sensors, and then calculate the longitudinal
and transverse wave velocities of the rock mass to
complete wave velocity correction. The positioning
error of blasting events obtained by using the above
wave velocity is shown in the Table 4. Two blasting
tests in the target research area were conducted and
the blasting coordinate positions through a micro-
seismic monitoring system were retrieved. The

Table 3 Probe’s coordinate information

Sensor number Coordinate
X Y Z

Sitel —461.039 3436.331 139.603
Site2 —459.993 3420.297 139.381
Site3 —445.035 3411.217 139.988
Site4 —430.224 3403.113 135.994
Site5 —392.948 3457.399 136.321
Site6 —410.720 3468.852 140.289
Site7 —437.033 3462.172 135.927
Site8 —454.774 3475.973 138.229
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Table 4 Blasting events’ locating outcomes

No Blasting place (m) Event zone (m) Fault (m)
1 X 3607.94 X 3605 5

Y —192.1 Y —-197

V4 181.9 Z 184
2 X 3557.548 X 3563 6

Y —164.9 Y —161

Z 183.4 V4 179

inversion results indicate that the errors between the
calculated coordinates of the two blasting positions
and the actual positions are 5 m and 6 m, respec-
tively. Therefore, the positioning accuracy of MS
observing method in project can meet the engineer-
ing requirements.

4 Results and discussions
4.1 Features of MS activity following blast mining
4.1.1 Development of magnitude and time

For the implementation of MS observing method in
the goaf on December 3, 2018, the system has run
smoothly except for a few brief signal losses caused
by the failure of the MS monitoring equipment
on February 22-March 4, March 21-31, and May
1-6, 2019. As of June 3, 2019, a total of 159 MS

Fig. 3 Scattering of MS 6 r
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positioning events have been monitored, and the
distribution of MS event activity over time is shown
in Fig. 3. On January 2, 2019, a large-scale blast-
ing action was performed on goaf’s upper platform.
Following the blasting disturbance, the MS activity
rate increased, and six MS events occurred on Janu-
ary 4. In mid-April, a small-scale blasting action
was executed over + 192 m platform in goaf’s upper
part, and the MS activity rate increased again due to
this blasting disturbance.

Figure 4 displays the magnitudes of MS cases.
During monitoring period, the MS cases ranged
from—2.5 to 1.2, and 24 MS events with magnitudes
greater than 0 were concentrated between—2.5 and
0 (accounting for 84.91%), signifying that rock mass
was mainly impaired by microcracks during monitor-
ing. According to the statistics of events during the
monitoring period, a distribution map is constructed
to illustrate the MS events over 24 h. MS cases are
intense between hours of 12:00-16:00 every day. This
is because the blasting operations in the mine are
conducted at approximately 12:00 every day; under
special circumstances, blasting can be delayed until
about 15:00 at the latest. Following a blasting distur-
bance, rock mass in the observing space is slightly
fractured; the other time periods mainly correspond
to the shovel transportation stage and cone drilling
stage. There is no blasting/mining activity during
these two stages, and as a result, there are relatively
few MS cases. Occurrence of MS cases are consist-
ent with blasting operations, which suggests that

Blasting disturbance

i |l ]

2018/12/3 2019/1/3
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Fig. 4 Distribution of MS 50 r m<-1.0
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Fig. 5 MS cases’ spatial distribution

occurrence of MS cases is strictly linked with mining
activities.

4.1.2 Evolution of MS cases over time

The spatial-distribution of MS cases from December
3, 2018, to June 2, 2019, is shown in Fig. 5. MS cases
are intense in northern goaf and at foot of+145 m
platform slope. Because there was no mining activity
on+ 145 m platform during this time interval, it can
be concluded that MS cases were triggered through
the upper bench blasting disturbance and rock mass’s
creep itself.

It is clear from Fig. 6 that the number of MS
cases during monitoring gradually increased from
28 (at the end of December 18, 2018) to 159, and
the accumulation of events continuously migrated
and expanded, moving to the upper roof of the goaf

567 89101112131415161718192021222324

Time(h)

and the outer area of the slope foot. Large-magni-
tude actions are mainly focused on overlying strata
(zone A) at eastern boundary of the+ 145 m plat-
form and at the foot of the upper platform slope.
MS actions in zone A are mostly triggered by upper
bench blasting disorders. By April 30, 2019, the
number of MS cases in area A stopped increasing,
thus forming a high-stress area with 3—4 m width.
Owing to the slight number of MS cases, microc-
racks represent main defects in the area. As shown
in Fig. 6b, by January 31, 2019, a vertical fracture
A, an arched fracture B, and an arched fracture C
were designed in the covering layer of the goaf. The
arched fracture B’s height was approximately 10.3
m, and the height of arched fracture C was approxi-
mately 3.2 m. These observations indicated that
there were weak interlayer separation cracks in the
overlying strata of the goaf, although there were
no clear mining cracks. Additionally, there are a
few MS events laterally clustered between fracture
A and the foot of the slope. On February 28, 2019
(Fig. 6¢), following the initiation and development
of microcracks, the transverse and vertical cracks at
fracture A penetrated, and the fracture zone at the
foot of the upper platform slope initially formed in
the northern goaf. Under the mechanical action of
continuous creep of goaf’s overlying strata, micro-
cracks in mining-induced breakage field contin-
ued to breed and expand, and the influential range
of arched cracks B and C moved to the upper part
of the goaf. By June 2, 2019, the height of arched

@ Springer
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Fig. 6 Scattering of MS
cases during monitoring
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(a) MS event distributions up to December 23, 2018
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(b) MS event distributions up to January 16, 2019

Fracture penetration

(c) MS event distributions up to February 21, 2019

(d) MS event distributions up to April 13, 2019
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Fig. 6 (continued)
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crack B was approximately 15.6 m (i.e., 5.3 m
higher than the initial height), and its distance from
the surface was approximately 4.4 m; the height of
arch crack C was approximately 5.1 m (i.e., 1.9 m
higher than the initial height). The left arch angle
of the two arched fracture areas corresponds to the
area of MS case accumulation (Fig. 6e), which is
the most likely point to succumb to roof instability
and failure in the goaf.

4.1.3 Distribution of MS event elevations

The link between MS case elevation and magni-
tude is shown in Fig. 7, where dots represent the
locations of MS cases. MS cases are distributed
throughout the overlying strata of the goaf roof
owing to crack initiation in the roof strata caused
by blasting disturbance. Cracks continue to develop
until they penetrate under the action of creep
deformation.

According to these location results, MS cases are
distributed in the range of + 135 to+ 142 m, within
approximately 15-22 m from the goaf roof. The dis-
tribution of MS case elevation reveals no clear three-
zone characteristics. The+140 m elevation where
MS cases accumulate is only~5 m in vertical dis-
tance from the ground surface. If the roof in the goaf
is unstable and destroyed, it would very likely induce
the sudden collapse of the ground surface. During the
monitoring period, there were few MS cases without
large-scale cracks, and 71.7% of MS positioning cases
with magnitudes <0.5 occurred within the blasting
disturbance influential range (i.e., + 135 to+ 140 m).

4.2 Analysis of goaf deterioration based on changes
in the source parameters

Numerical approaches are usually applied to explore
MS cases in certain time/space domains to evaluate
the laws with changes in time/space (Cheng et al.
2019; Liu et al. 2021; Xue et al. 2021b). Numerical
factors include apparent volume/stress and average
displacement, which are defined as follows:

Stress (o,) signifies home rock mass’s stress step,
which is demarcated to be MS energy emitted by rock
mass in inflexible strain area of unit, as expressed in

Eq. (1),

@ Springer

E
op=5 =10 (1)

where & is shear stress carrying out on fault, E is
emission MS energy, P is potential change of micro-
seismicity, and 7 is seismic efficiency.

Volume (V,) signifies inelastic rock mass defor-
mation’s bulk, which is estimated based on recorded
waveform factors. The slope of the accumulated vol-
ume changes over period may express rock mass’s
strain rate, as expressed in Eq. (2),

i

5 (@)

Va
where y is rock mass’s shear modulus.

The mean dislocation on fault plane (B) is another
crucial factor for evaluating mine risks, and the dis-
tortion of source rock mass due to failure can be
expressed by the displacement, as defined in Eq. (3),

M,

UTF

D=

3

(=N )

where M, is the MS instant, and rj is the fault plane’s
radius.

In this section, the information and law of deterio-
ration process of goaf will be obtained through the
evolution process of source parameters with time.

4.2.1 Time domain scattering of cumulative volume,
stress and displacement

Figure 8 shows entire time domain deviation of appar-
ent stress, cumulative apparent volume, and cumula-
tive displacement for each MS case during MS moni-
toring. From the experimental results, some outcomes
could be interpreted below:

(1) Mean apparent stress in region I exhibits limited
changes. The maximum value (0.03 MPa) cor-
responds to elastic step, and energy in rock mass
accumulates endlessly. Between December 3—17,
2018, the cumulative displacement increased
slowly, and the rock cracks expanded steadily,
without a large degree of penetration. This period
represents the gestation stage of rock mass fail-
ure.

(2) On December 18, 2018, the stress in region II
swiftly increased to 0.05 MPa. Stress’s average
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Fig. 8 Variations in the cum. apparent vol., cumulative displacement, and stress

3

level increased from December 23rd, when rock
mass had grasped yield state; this shows crack
penetration and impending large-scale rock mass
failure. On December 24th, stress suddenly fell
a low level, and energy stowed in rock mass was
unrestricted. Simultaneously, cumulative dis-
placement slope increased, the crack propagation
rate accelerated, the cumulative volume increased
significantly in a step-wise fashion, and rigid
distortion volume of rock mass augmented. The
rock mass cracked (Fig. 6b), thus forming three
main cracks defining the crack propagation stage
of rock mass.

From January 14 to February 21, 2019, the appar-
ent stress in region III experienced several “sud-
den rises-sudden drops”; the capacity of the rock
mass enables many “incubation-release” events.
The cumulative displacement exhibited three
sudden jumps on January 14th, January 24th, and
February 4th, and the slope was almost zero from
February 4—12. This specified that rock mass was
damaged between January 14th and February
4th, allowing the main crack to penetrate further,
as shown in Fig. 6¢. These events comprised the
crack penetration stage. The period from Feb-
ruary 18 to April 13 was a quiet period, during

which there were very few MS cases, and most
of the events involved the initiation and develop-
ment of new microcracks.

(4) The stress in region IV increased suddenly again
after the quiet period, reaching 0.083 MPa. On
April 14th, 2019, the cumulative displacement
slope began to increase, and fractures developed
rapidly in rock mass. Meanwhile, the cumula-
tive apparent volume underwent many sudden
increases, and the nonlinear distortion of rock
mass increased continuously. Many micro-earth-
quakes occurred during this period (Fig. 6e). On
May 11th, the apparent stress dropped sharply
and again reached a low-stress level, thus enter-
ing the second quiet period.

The cumulative apparent volume increased step-
wise in the first three stages; in the last stage (after
April 14, 2019), it mostly involved mutation and ris-
ing, which indicates that there were distinct rock mass
deformation modes before versus after April 14. Fig-
ure 6e shows that the new micro-seismic event accu-
mulation area after April 14 is the arch shoulders of
arched cracks A and B. According to the moment ten-
sor analysis formula of rock mass fracture, this area
was determined to comprise mixed tension and shear
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failure mechanisms, and the main failure before April
14th was tensile failure. During monitoring, max.
apparent stress was 0.083 MPa, and stress level was
generally low. The entire process remains in the cycle
of microcrack “initiation-development-penetration”.
Currently, the goaf is in a fairly steady form based on
site investigations, and MS monitoring results provide
technical support for subsequent blasting to avoid
hidden dangers in the goaf.

+169m

+151m
+145m platform

(a) December 31, 2018

+169m

+151m
+145m platform

(c) February 28, 2019
+169m

+151m
+145m platform

(e) April 30, 2019
224 246 2.67 2.89 3.11
Log (AS)

Fig. 10 Apparent stress evolution process

4.2.2 Spatial scattering of event density, stress
and displacement

Figure 9 shows the plane projection of dynamic den-
sity scattering of MS cases. At early monitoring, MS
cases were mainly distributed in the northern goaf
and slope bottom line (Fig. 9a). By the end of Janu-
ary 2019, MS cases were distributed in border area
between north and south goaf areas. By February
28th, the distribution range of events in the northern

+169m

+151m
+145m platform

(b) January 31, 2019

+169m

+151m
+145m platform

(d) March 31, 2019

+169m

+145m platform

(f) June 2, 2019
332 355 377 398 421
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goaf was further expanded, and event number in area
by the northern goaf to slope’s bottom line increased.
By March, the distribution of events covered the
entire northern goaf. By the end of April (following
the upper bench blasting disturbance), the distribu-
tion range of events at the bottom line of the slope
expanded to the southern goaf, and the number of
events at the junction of the north and south goafs
increased sharply, revealing clear agglomeration phe-
nomena. By June 2nd, there were 64 events at the
junction between the north and south empty areas.
Geological data from around the mine indicate that it
is at the interface between ore body and rock layer.
The plane projection of the dynamic density distri-
bution map of events reveals that the interfacial area
between north and south goafs is a dangerous area,
which requires special attention during production
operation and goaf blasting.

The stress’s analysis was carried out, as shown
in Fig. 10, according to the XII exploration line in
Fig. 2. During rock mass failure’s incubation time,
the apparent stress was mainly concentrated in the
goaf roof (Fig. 10a) because of the deterioration
of the goaf roof before the monitoring system was
deployed. Moreover, the roof’s stress increased con-
stantly under goaf side’s stress and nearby rock’s
gravity. The cracks expanded continuously from
bench side to goaf’s left side due to the blasting dis-
turbance of the upper bench, and the stress range also
expanded continuously (Fig. 10b). It is clear from
Fig. 8 that there were several “sudden rises-sudden
falls” in terms of stress in February 2019. Energy
in rock mass was inoculated and unrestricted many
times, which allowed the initiated cracks to penetrate
further and form a stress concentration area at the 45°
side angle joint between the side part and the left part
of the goaf. Meanwhile, following the blasting distur-
bance of the+ 128 m platform, a high-energy micro-
seismic event occurred at the side foot of the + 145m
platform, thus inducing a small-scale stress concen-
tration phenomenon (Fig. 6¢). As the fracture further
expanded to free surface of goaf, stress concentration
ranges also shifted to goaf’s left and corner sides,
while degree of deterioration increased. On April
20th, the apparent stress reached a new peak and
entered the yield state. A major quantity of energy
that had gathered in rock mass was released rapidly
within a few days, and stress focused at left side, 45°
side angle, and roof, thereby forming a stress arch at

@ Springer

the left part of the goaf roof (Fig. 10f). The influential
range of stress concentration was 17 m above the goaf
roof and 8 m far from surface, and stress was small.
Thus, it was determined that the goaf was relatively
stable, and the stress arch at the left part of the goaf
roof represents the point with the greatest potential
for roof collapse failure.

Figure 11 shows displacement analysis carried out
in the XII exploration line. During the energy incuba-
tion period, the deformation was mainly concentrated
in the goaf roof’s covering layer. Reason behind this
is the same as that revealed by the stress nepho-
gram, i.e., the goaf roof deteriorated before the end
of the observing period, and cracks lasted to initiate
and develop under the action of gravity. In the crack
propagation stage (stage B), the deformation area
extended from roof to goaf’s left side corner, and rock
mass at roof/side corner of the goaf exhibited major
deformation (Fig. 11b). After many energy inocula-
tion and release cycles (Fig. 8) in stage C, the defor-
mation area expanded further, the degree of nonlinear
rock mass deformation intensified, leaving the roof
damaged (Fig. 11d).

Following the bench blasting disturbance in the
goaf’s upper part, the deformation area expanded fur-
ther to the lower part of the+ 151 m platform side,
the degree of crack penetration increased, the defor-
mation area expansion accelerated, and goaf roof fur-
ther worsened, thus forming a deformation concen-
tration area (Fig. 11e). Before May 16th, rock mass
was demolished, and most of energy was unrestricted.
Thus, the degree of deformation decreased during
the monitoring period starting from June 2nd, which
resulted in little change to the overall deformation
influential range; however, the deformation concen-
tration area further expanded to the roof and sides.
The deformation influential range of overlying strata
in goaf is 4 m far from surface, and the deformation
is small. Presently, the goaf is in a fairly steady form,
considering the stress nephogram.

5 Conclusions

The instability/failure mechanism was investi-
gated in this investigation in order to deliver a risk
appraisal for a Chinese open pit goaf subjected to
blasting disturbance. As a function of high-preci-
sion MS observing, goaf’s nearby rock considering
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Fig. 11 Evolution process of the displacement

blasting disturbance was analyzed in terms of its fail- bance of the+169 m bench, two arched fracture
ure behavior. The main deductions are below: zones with heights of 15.6 and 5.1 m were formed
in the goaf roof, and an arc crack was shaped

e Progress of MS cases indicated that goaf’s roof from goaf’s roof to foot of + 151 m step slope. MS
had deteriorated before MS monitoring system cases mainly accumulated at+ 140 m in the verti-
was implemented. Following a blasting distur- cal direction, with a vertical distance of only ~5 m

from the surface.
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e MS cases accumulated at the rock-intersecting
interface of the north—south goafs in the horizon-
tal direction. If the goaf roof is unstable and dam-
aged in the future, it is likely that the surface will
suddenly collapse at the rock-intersecting inter-
face. The evolution of source parameters shows
that the goaf is currently in a stable state.

e Following three blasting disturbances, the left side
corner’s strain band and roof’s tensile strain band
were focused, and many micro cracks entered to
generate cracks in terms of macro-scale.
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