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Different from the goaf formed by normal mining, the goaf formed by the continuous caving of the lower illegal goafs is extremely
irregular and unstable, which leads to the difference in the goaf caving characteristics. Taking the complex irregular goaf of the
Shirengou Iron Mine in China as the research object, the 3D laser scanning technology is used to detect the goaf shape and analyze
the cause of the formation. Then, the caving characteristics of the goaf are analyzed by the methods of the numerical simulation, the
monitoring of the crash of the caving rock, and the monitoring of the deformation of the arch foot. The simulation results show
that the transverse expansion of the irregular goaf boundary is mainly along the perpendicular to the direction of the ore body
strike when the goaf caves upward in the initial stage. Additionally, the monitoring results show that the caving characteristics can
be divided into two stages: the paroxysmal caving stage and the periodicity caving stage. The paroxysmal caving characteristics are
intense and irregular, while the periodicity caving characteristics have obvious periodicity, which is mainly reflected in the periodic
alternation between the mass caving and the temporary stability. The interval period of the goaf mass caving is about 15-30 days
and is changed by the progress of filling treatment. The conclusions in this work reveal the particularity of the caving characteristics
in the complex irregular goaf and contribute to the improvement of the caving characteristics and the prediction of mass caving.

1. Introduction

The goaf formed by the excavation of the underground ore
body, one of the major hidden dangers of mine safety produc-
tion, easily causes the environmental degradation and the seri-
ous waste of mineral resources. Moreover, the complex goaf
leads to the deterioration of mining conditions, such as the
pillar deformation [1, 2], the difficult maintenance of stope and
roadway [3, 4], the rock mass caving [5, 6], and the surface
collapse [7, 8], and so on, among which the goaf caving is a
common phenomenon in the mining process [9—11]. The cav-
ing of the surrounding rock and the air shock waves of the
caving block seriously threaten the safety of personnel and
equipment [12, 13]. Therefore, the study on the characteristics
of goaf caving has the great practical significance.

The goaf volume decreases by the goaf surrounding the
rock caving due to the loose coefficient of the rock. Enough

caved blocks can effectively prevent the deformation of the
goaf surrounding rock [14-16]. However, the continuous
upward caving of the surrounding rock of large goaf is
easy to cause the surface subsidences [17-22]. Based on the
theoretical research and engineering case studies, Ren et al.
[23] divided the caving characteristics of the process of sur-
face subsidences into four stages: initial caving, continuous
caving, large caving, and lateral caving. The surface easily occurs
subsidence when the goaf caving reaches the large caving stage.
Therefore, the mechanical model of critical continuous caving
of the rock mass was proposed to control the range of the goaf
caving [24-27].

The caving of the goaf surrounding rock related to the
mining methods, the surrounding rock properties, and the
geological environment is a complex physical phenomenon.
Singh et al. [28] discussed the effect of mechanical parame-
ters on the roof caving behavior. Sui et al. [29] utilized the
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situ measurements to study the influence of the thickness
and properties of the overburden on the development of
caving. Zhang et al. [12] combined multiple methods such
as theoretical analysis, laboratory testing, numerical simula-
tion, and field measurement to accurately calculate the com-
paction characteristics of a caving zone in longwall goaf.
Rezaei [30] suggested the overburden depth has the maxi-
mum effect, and the Poisson’s ratio has the minimum effect
on the caving zone. Lannuzzo [31] suggested the large dis-
placement of rock mass depends on the failure mechanism
and the stress state inside the structure. However, the caving
characteristics of the surrounding rock are changeable due to
the different geological environments. Additionally, most
scholars [32-35] assumed the goaf shape is regular to study
the caving characteristics due to the hidden of the goaf.
Actually, the irregularity of the goaf shape plays an impor-
tant role in the caving evolution of the surrounding rock. In
terms of the goaf shape, the caving characteristic of the reg-
ular goaf formed by normal mining is easily summarized by
the theoretical model or the numerical simulation. However,
the caving characteristics of the complex irregular goaf are
difficult to form a general rule due to the complexity of the
formation and the difference in engineering problems.

With the development of science and technology, most
detection techniques can be used to determine the goaf shape,
such as the 3D laser scanning [36, 37], the seismic exploration
technique [39, 40], and the measurement of radioactivity
[40, 41]. Moreover, the method of combining the detection
results and numerical simulation contributes to the study of
the caving characteristics [42, 43]. Certainly, the monitoring is
also a practical approach to mastering the caving law of goaf
surrounding rock, such as the stress monitoring [44, 45], the
microseismic monitoring [46, 47], and the acoustic emission
monitoring [48, 49]. In the joint monitoring aspects, the stress
monitoring and microseismic or acoustic emission are always
combined to estimate the goaf failure [50, 51]. Additionally,
Fan et al. [52] proposed the combination of the interferomet-
ric synthetic aperture radar technique and the probability
integral model to invert the goaf characteristics.

In the following sections, a complex irregular goaf of the
Shirengou Iron Mine in China is taken as the research object
to analyze the general caving characteristics. The cause of the
formation can be preliminarily concluded by the 3D laser
scanning technology. Then, the discrete element software
3DEC is used to simulate the caving process in the initial
formation stage, which helps to preliminarily master the goaf
caving characteristics. Based on a combination of the moni-
toring of the crash of caving rock and the deformation of the
arch foot, the two-stage caving characteristics are summa-
rized, which reflect the particularity of the goaf in this work
and provide a reference for the general caving characteristics
of the complex irregular goaf.

2. Engineering Background

The Shirengou Iron Mine is an Anshan-type magnetite
deposit. As shown in Figure 1, the open-pit mining is applied
to the mine deposit above Om level, the shallow hole
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shrinkage mining method is applied to the mine deposit at
0 to —60 m level, and the sublevel open stoping with subse-
quent filling method is applied to the mine deposit below
—60m level. The level above —210m is the scope of the
mining rights of the mine. In the mining area of —60 to
—210m level, the length of the panel arranged along the
strike of the ore body is 100m, the stage height is 90 m,
the sublevel height is 15m, and the room width is 20 m.
The auxiliary middle section is set with a height of 45m to
meet the mine ventilation and production safety.

As shown in Figure 1, the mine has M1, M2, and M3 ore
veins. The M2 ore vein, a steeply inclined thick ore body with
the 15-20 m thickness and 50°-70° dip angle, is the main ore
body currently. On May 31, 2019, the roof of the illegal goaf
under the —210 m level suddenly caves to the main produc-
tion level (=210 m level). Then, the height and width of the
caving goaf (called the M2 goaf in this paper) increase con-
tinually and quickly caves to the —165 m level. To meet the
demand for filling slurry required for mine production, the
filling slurry used for the goaf treatment is limited, with only
30,000 m> per month. Therefore, the site of goaf treatment is
characterized by falling while caving.

According to the site of the M2 goaf detection (Figure 2(a)),
the visibility of the detection environment is low. Therefore,
the detection method of the 3D laser scanning coupled
with the defogging is adopted to detect the goaf morphology.
The demisting is carried out before the detection, mainly to
improve the detection environment. As shown in Figure 2(b),
the probe is fed into the goaf with the connecting rod so that
the goaf morphology can be detected in the drift.

The detection results (Figure 3) show that the M2 goaf
inclined from north to south is extremely irregular. The clear-
ance height of the M2 goaf is about 120 m, the maximum width
along the strike direction of the ore body is about 102 m, and the
maximum width of the vertical strike direction of the ore body is
about 98 m. Meanwhile, in the north of the M2 goaf, there are
four illegal goafs (PG-01 goaf, PG-02 goaf, PG-03 goaf, and PG-
04 goaf) of different sizes with a large distribution range, which
certainly affect the development of the M2 goaf boundary in the
direction of ore body. This may be the main reason why the M2
gsaf expands greatly upward at the early stage of formation and
develops in the width direction.

The results of the field investigation show that the type of
the surrounding goafs is illegal. Generally, the illegal mining
personnel are mostly the people around the mining area, and
the mining methods are the room-and-pillar method and the
irregular shallow hole shrinkage mining method. Therefore,
the characteristics of the remaining goaf are lower height,
irregular, large distribution, and more layers. As shown in
Figure 3, the maximum height of the illegal goaf is less than
45 m according to the statistics of the height of the surround-
ing goafs. Considering that the clearance height of the M2
goaf is about 120 m, it can be preliminarily inferred that the
formation of the M2 goaf is caused by the caving of the lower
multilayer illegal goaf continuously.

The cross sections of M2 goaf in the production levels are
shown in Figure 4. The lower illegal goafs first cave to the T-
drift 10# at the —210 m level and quickly cave to the —165m
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FiGure 1: Profile of 10# exploration line in the Shirengou Iron Mine.

level. It can be seen from the layout of mining engineering in
Figure 4 that the ore bodies above —165 m have been mined,
and the ore bodies in the area of —165 to —210 m are cur-
rently being mined. Additionally, the goaf shapes of the cross
sections are located in the main production area. Moreover,
the cross sections are different, and the boundaries of the
cross sections are relatively irregular, which show that the
caving activities will continue and the boundaries will further
expand. The continuous caving of the M2 goaf has a great
impact on the safety management of the goaf and the safety
mining of the surrounding ore bodies.

3. Paroxysmal Caving Characteristics

3.1. Model and Parameters. During the initial stage of the
formation of the M2 goaf, the caving activity of the goaf

surrounding rock is intense and frequent. The surrounding
rock on the north side of the M2 goaf is more unstable than
the south side due to the shape of the caving goaf and the
distribution of the surrounding goafs. Therefore, the goaf
model can be established according to the right view of the
caving goaf (Figure 3(c)). The ore-rock distribution charac-
teristics refer to the profile of 10# exploration line of the
Shirengou Iron Mine (Figure 1). As shown in Figure 5,
the final numerical model size (length X width X height) is
560 m X 600 m X 553 m. The x-axis is perpendicular to the
y-axis, that is, the strike direction of the ore bodies. The dip
direction angle and dip angle of the fault at the —195 m level
are 115° and 14°, respectively.

According to the mining data, the ore bodies above 0 m
level are the remaining ore body by the mining from open pit
to underground, the ore bodies of the 0 to —60 m level are
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FIGURE 2: Scene diagram of 3D laser scanning: (a) detection site; (b) schematic diagram.
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FIGURE 3: Detection result for M2 goaf and its surrounding goafs: (a) perspective; (b) front view; (c) right view; (d) top view.



Advances in Civil Engineering

[
» L \ MZ ore- body
M2 ore- body [ /
/ 6,900 Goaf shape T-drift 10#
6,900 g <
Goaf shape
NERNSN Qj S
T-drift 10# T-drift 10-1#
-drift 10-
[
T-drift 10-1# I
Ny J T-drift 10-2#
/‘—I M4 ore-body T-drift 10-3#
6500 M4 ore-body DN W“@ ; 6,800 1 4]  —
’ 3,350 3,450 3.350 3,450
(a) (b)
~— T — s———
S \ A 1 N \ M2 ore- body \_
M2 ore-body :)
Goaf shape | [j 7
T-drift 9-4#
6,900 \ \‘ — YN 4\“ — T-drift 9- 1# -
- A = 6,900 |—— Goaf shape
\T drlft 10#
\. \
\ 7 "
10-2# N
e
T-drift 10-1#
F J
M4 ore-body ] M4 ore-body
6,800 1| T-drift 10-3# il
3,350 3,450 3,350 3,450
(c) (d)

FIGURE 4: Cross-sections of M2 goaf in the production levels: (a) —165 m level; (b) —180 m level; (c) —195 m level; (d) —210m level.

Goaf surface
profile

o i
+— Ore-rock interface
O

Block
Colorby: block group slot: any

Backfill B Ore-body

B Foot wall B PG-01 goaf

B Hanging wall PG-02 goaf
Intercalated layer B PG-03 goaf

B M2 goaf W PG-04 goaf
Old goaf

FiGURe 5: Numerical model for the paroxysmal caving.



6 Advances in Civil Engineering
TaBLE 1: Rock mass physical and mechanical parameters.
Tvpe Density Tensile strength  Elastic modulus  Poisson’s  Volume modulus Shear modulus  Friction Cohesion
P (kg m™) (MPa) (GPa) ratio (GPa) (GPa) angle (°) (MPa)
V}VIZIII‘gmg 2,720 0.70 6.45 0.23 3.98 2.62 44.36 2.34
Ore-body 3,570 0.52 11.87 0.22 7.07 4.86 38.98 3.87
Foot wall 2,730 1.21 9.32 0.24 5.97 3.76 54.28 3.64
Intercalated ) g3 0.79 7.56 0.26 525 3.00 46.35 332
layer
Backfill 2,300 0.52 2.08 0.28 1.58 0.81 28.53 1.41
Old goaf 2,000 0.27 1.42 0.31 0.24 0.10 31.42 0.98
TaBLE 2: Structural plane mechanical parameters.
Type Normal stiffness (GPa)  Tangential stiffness (GPa)  Tensile strength (MPa)  Friction angle (°)  Cohesion (MPa)
Interlayer joint 9.54 6.48 0.24 22.37 1.59
Fault 3.39 2.90 0.17 27.22 1.13

formed by the shallow hole shrinkage mining method, and
ore bodies below —60 m level are mind by the sublevel open
stoping with the subsequent filling method. Through the
application of different mining methods, a large amount of
goaf remains at the 0 to —60 m level, which can be named old
goafs in Figure 5. Considering that the area of the 0 to —60 m
level has been mined for a long time, the investigated area is
limited. Therefore, the physical and mechanical parameters
of the old goaf can only be estimated through the local partial
field investigation and point load test. The rock mass among
the ore bodies can be called the intercalated layer. In the level
of —60 to —165 m, the ore bodies mined by the sublevel open
stoping with the subsequent filling method are named the
backfill. Mechanical parameters of rock masses and structural
planes (as shown in Tables 1 and 2) are obtained according to
the geological conditions, the field investigation, and the lab-
oratory tests. The elastic stiffness and friction characteristics
of the structural plane are included in the numerical model,
which accords with the basic characteristics of rock mass.

The constitution model for the numerical calculation is
the Mohr—Coulomb criterion. The boundary conditions of
the numerical model are the displacement boundary condi-
tions: (1) the left and right boundaries of the model are fixed
at x=0 and x =560 m to limit the velocity in the x direction,
(2) the front and back boundaries of the model are fixed at
y=—170m and y =430 m to limit the velocity in the y direc-
tion, (3) the bottom boundary of the model is fixed at z=
—400 m, and (4) the top boundary of the model is a free
surface.

3.2. Results. The gravity stress and mining stress are consid-
ered in the numerical calculation. The pore water pressure is
ignored due to the simple hydrogeological conditions in the
Shirengou Iron Mine. When the numerical model reaches
the initial stress equilibrium under the condition of gravity
stress, the goafs start to excavate in a certain sequence. The

excavation sequence of the goafs is (1) M2 goaf, (2) PG-01
goaf, (3) PG-02 goaf, (4) PG-03 goaf, and (5) PG-04 goaf.

As shown in Figure 6, the surrounding rock of M2 goaf
on a large scale includes the hanging wall, the ore body, the
footwall, and the backfill. Therefore, the numerical simula-
tion results selected by the different plane directions are
slightly different. The plane with the normal direction
(1, 0, 0) and the coordinate point (250, 0, 280) is selected
to observe the caving and fracture propagation of the M2
goaf surrounding rock. The simulation results (as shown in
Figure 6) show that the surrounding rock of the M2 goaf
gradually becomes unstable with the expansion of existing
fractures and the development of new fractures in the goaf
surrounding rock. The surrounding rock is prone to caving
when the fractures are connected with each other. The final
caving curve of M2 goaf is an approximate arch shape, which
indicates the M2 goaf surrounding rock achieves the stress
balance state under the condition of continuous excavation.

As shown in Figure 7, when the PG-01 goaf is excavated,
the M2 goaf surrounding rocks in the —165 to —210 m level
have a relatively large caving range. However, only the M2
goaf surrounding rock in the —165m level occurs during
the caving when the PG-02 goaf is excavated, and the trans-
verse caving ranges of M2 goaf in the —165 to —210 m level
are unchanged when the PG-03 goaf and the PG-04 goaf are
excavated. The simulation results show that the PG-01 goaf
and PG-02 goaf have a great impact on the caving of M2 goaf
surrounding rock due to the closer distance. Moreover, the
lower of the M2 goaf is easy to achieve stability. Additionally,
the maximum transverse caving range of M2 goaf in the
—165 to —210m level is 48.31, 41.23, 36.75, and 45.32m,
respectively. Meanwhile, the goaf roof caves on the 130m
level, and the goaf area in the —165 to —210 m level increases
by 2.23 times, which indicates the caving range is large in the
paroxysmal caving stage.
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3.3. Monitoring the Crash of Caving Rock. Effectively, the
monitor may be adopted to recognize the degree of goaf
caving and prevent goaf hazardous accidents. Ordinarily,
microseismic monitoring and acoustic emission monitoring

can predict the occurrence of goaf caving. However, M2 goaf
caving is an inevitable event, and the frequency of goaf cav-
ing is high in the paroxysmal caving stage. The prediction of
the caving range and the classification of goaf caving are the
key to prevent goaf hazardous accidents. Clearly, the previ-
ously mentioned monitoring methods are not only expensive
but also difficult to achieve the target.

The field investigation shows that the crash of caving
rock included smaller sounds and louder sounds, which
can be distinguished by the volume, frequency, and duration.
Considering that the scale of M2 goaf is relatively large and
the frequency of goaf caving is relatively frequent, the crash
sound of caving rock is easy to monitor due to the large scale
of the M2 goaf. The main human error in the monitoring is
the interference of underground blasting sound. However,
the difference between the crash of caving rock and the blast-
ing sound is significant. The smaller crash sound is clear and
loud and mostly occurs intermittently with a short duration,
which is different from the dullness of the underground
blasting sound. It can be used to characterize the sporadic
caving of the goaf surrounding rock. The louder crash sound,
accompanied by the paroxysmal boom of high and low is
dull, rich, and loud. The average time of a louder crash sound
is about 5 min, which is quite different from the duration of
the underground blasting sound. It can be used to character-
ize the mass caving of the goaf surrounding rock. Therefore,
the monitoring of the crash of caving rock, an economical
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FIGURE 8: Monitoring equipment of the goaf rock caving sound: (a) monitoring equipment; (b) screenshot of recording video.

and reasonable monitoring method, can be introduced to
recognize the degree of goaf caving.

As shown in Figure 8, the monitoring equipment includes
the sound and light monitor, the router, the power bank, the
floodlight, and the waste rock wall. The sound and light mon-
itor is applied to monitor and record the sound of the caving
rock crash, the goaf bottom. The router, the power bank, and
the floodlight are used to provide the network, power, and
lighting, respectively. The waste rock wall is used to prevent
the impact of airflow induced by the goaf caving and protect
the safety of monitoring equipment. It is worth noting that a
space of 1 m reserved between the top of the waste rock wall
and the roadway is to observe the airflow from the top of the
waste rock wall.

Considering that the T-drift 10-2# at the —195m level
(Figure 4) is connected to the M2 goaf, the monitoring point
is set in the drift. Moreover, the monitoring point can also
observe the development of the fault in the —195 m level. The
monitoring equipment is fixed on the drift wall, and the
sound and light monitor is set in front of the waste rock
wall. This way, the crash of caving rock behind the waste
rock wall can be monitored by the monitor.

The mine arranges professional personnel to analyze the
recording videos every day and record the crash index,
including the total time of the caving rock, crash, time of
the louder crash of caving rock, the average duration of each
caving rock crash, and average daily duration of the caving
rock crash. The recording videos show that a large turbid
airflow appears in the top of the waste rock wall when the
sound is louder than the crash of caving rock, which indi-
cates the crash index can characterize the mass caving of goaf
surrounding rock.

The monitoring results from July 16, 2019 to January 20,
2020 are shown in Figure 9. The goaf caving occurred fre-
quently from July 16, 2019 to December 10, 2019, and lasted
for a long time each day, which is related to the goaf char-
acteristics and complex geological environment. This stage
can be called the paroxysmal caving stage due to the sudden-
ness and persistence of caving. In this stage, the louder crash
of caving rock occurs continuously. However, the caving
frequency is decreasing on the whole. The caving phenome-
non shows that the goaf surrounding rock is in an extremely
unstable state during the M2 goaf initial formation. The goaf

gradually becomes stable with the establishment of stress
equilibrium in the surrounding rock. This trend is consistent
with the results of numerical simulation (Figure 6).

From December 10 to 28, 2019, the type of goaf caving is
sporadic caving, and the frequency of goaf caving is lower. It
can be considered that the M2 goaf achieves stability in the
process of constantly establishing a new stress balance. How-
ever, the crash of Caving Rock appeared again on December
29, 2019. Meanwhile, the number of the louder crash sounds
is eight times (as shown in Figure 9(b)), and the average daily
duration of the caving rock crash is increasing significantly
(as shown in Figure 9(d)). The results show that the stability
of the M2 goaf is temporary, and the mass caving of goaf
surrounding rock occurs again under the induction of some
reason.

4. Periodicity Caving Characteristics

According to the field investigation, the goaf arch foot at the
T-drift 10-2# at the —195 m level was seriously damaged on
December 26, 2019 (as shown in Figure 10). Subsequently,
the louder crash of the caving rock was monitored on
December 29, 2019. Therefore, the change in the monitoring
data on December 29, 2019, may be related to the failure of
the goaf arch foot.

4.1. Caving Arch Mechanical Model. The exposed area of the
goaf gradually increases when the ore body is mined accord-
ing to a mining design. The stress in the goaf surrounding
rock exceeds the rock mass strength under the influence of
the gravity stress, mining stress, goaf span, and so on. Then,
as shown in Figure 11(a), the goaf surrounding rock occurs
initially caving and continues caving upward with the expan-
sion of existing fractures and the development of new frac-
tures in the goaf surrounding rock. The final caving arch
formed by the stress balance is relatively stable. However,
the stable state can easily be disrupted by an inducement,
such as the increase of goaf span, the stress concentration,
mining stress, and so on. As for the M2 goaf, the reason for
the weakened mechanical properties of the arch foundation
cannot be ignored due to the undiscovered illegal goaf.
Therefore, the failure of the goaf arch foot is possible to cause
the mass caving of the goaf surrounding rock.
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FIGURE 9: Monitoring results from July 16, 2019 to January 20, 2020: (a) total times of the caving rock crash (daily cumulative value); (b) times
of the louder crash of caving rock (daily cumulative value); (c) average duration of each caving rock crash; (d) average daily duration of the
caving rock crash.

- = _ S
M2 ore-bodyﬁ
== -
Goif\\Shipe T-drift 9-4# ’
6,900 SR o,
IW\ "Arch foot "
Fat:  Mfailure location
T-drift 10-2#
X
Caving rock
M4 ore-bod 3
6,800 1 Y T-drift 10-3#
3,350 3,450
(a) (b)

FiGure 10: Arch foot failure of the caving goaf at the —195m level: (a) location of arch foot failure; (b) site diagram of arch foot failure.

A mechanical model of a caving arch considering the  horizontal stress and gravity stress is y. Assuming that the
arch foot pressure can be established to explain the relation- arch foot pressure F is not perpendicular, it can be decom-
ship between the arch foot failure and the mass caving. As  posed into the horizontal pressure F; and the vertical support
shown in Figure 11(b), the gravity stress yH is distributed  F,. Taking the right half arch OM as the research object, the
above the caving arch, and the linearly distributed horizontal =~ moment equilibrium at the point M(x, y) can be expressed as
stress is distributed on both sides of the arch. The ratio of  follows:
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FiGURE 11: Mechanical model of caving arch considering the arch foot pressure: (a) diagram of goaf roof caving; (b) diagram of the force of the

caving crash.
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yHx? [lyH Jy(H +
e R EETU

where the parameters H, y, and A are the goaf depth, the bulk
density, and the lateral pressure coefficient, respectively.

From the force system equilibrium for the right half arch
OM as follows:

_Jy(2Hh + h*)

5 =0, (2)

}’HZ—FZZO, (3)

where the parameters / and / are the half-span and height of
the caving arch, respectively.

Set x=1Iand y= h and combine Equations (1) and (2) to
obtain as follows:

24yh + 32yHh?* + 6F h — 3yHI> = 0. (4)

Rearranging Equation (4) yields

~ hER
z_\/yH AR

It can be seen from Equation (5) that the height of the
caving arch h increases with the parameter I. Therefore, the
increase of the span can cause the further upward caving of
the goaf. Moreover, the parameter & is inversely proportional
to the horizontal pressure F; when other parameters are
constant, which indicates the angle @ between the arch foot
and the horizontal line increases with the height of the cav-
ing arch.

As shown in Figure 12, the arch foot pressure F is per-
pendicular when the caving arch achieves the limit equilib-
rium arch. Meanwhile, the stress concentration at the arch
foot achieves the lowest degree. However, the caving arch for
the extremely irregular goaf is not an ideal elliptical arch. The
degree of stress concentration in the surrounding rock is

22h3

SH ()

VVYVVVVVVVVVYVVVVYVYY

Limit equilibrium arch

AyH 2T AN AyH

Ay (H+h) /‘ Ay (H+h)
F, |\F
F B F, I\F
Fl

FIGURE 12: Schematic diagram for the change of goaf caving arch.

large due to the irregularity of the M2 goaf. Therefore, the
stress concentration is also the inducement for the destruc-
tion of temporary stability (as shown in Figure 9) of the M2
goaf. Additionally, the distribution of lower illegal goaf can-
not be clearly detected due to the limitation of the range of
mining rights (above the —210 m level). Then, the mechani-
cal properties of the arch foundation can be weakened by the
undiscovered illegal goaf upward caving. As a result, the goaf
caving occurs again due to the failure of the arch foundation.

4.2. Monitoring the Deformation of Arch Foot. The caving
arch mechanical model indicates that the failure of the arch
foot can cause the surrounding rock of the goaf upward caving.
Recall that the caving characteristics in the paroxysmal caving
stage, the boundary of the M2 goaf could expand further along
the direction of the ore body strike. However, the boundary
could extend along the direction perpendicular to the ore body
strike from the field caving phenomenon in Figure 10. Cou-
pled with the stress concentration due to the irregular shape of
M2 goaf, the mass caving could be occurred along the direc-
tion perpendicular to the ore body strike. Therefore, it is nec-
essary to monitor the deformation of the arch foot along the
direction perpendicular to the ore body strike.
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right view of waste rock wall.

As shown in Figure 13, the deformation monitoring of
the arch foot is used to master the expansion of the goaf
boundary. In fact, the arch foot of the M2 goaf is below
the =210 m level. However, the deformation monitoring of
the actual arch foot cannot be monitored due to the lack of
development and mining projects in this area. Therefore, the
production levels of —180, —195, and —210 m are selected for
the monitoring area of the arch foot. The change in the
caving arch can be analyzed by the temporary monitor-
ing data.

The monitoring areas select the roadway connected to
the M2 goaf and located behind the waste rock wall. In the
deformation monitoring of the arch foot, the reserved area
between the top of the waste rock wall and the roadway is to
observe the deformation of the arch foot. Considering that
the deformation of the arch foot is a macroscopic failure
phenomenon, the laser finder can be selected to obtain the
monitoring data. However, the monitoring personnel must
use a reserved area for monitoring to ensure the safety of
personnel and equipment.

The field investigation shows that the expansion of the
M2 goaf boundary along the perpendicular to the direction
of the ore body strike is not obvious in the paroxysmal caving
stage. Recall that the activity of goaf caving is intense in the
paroxysmal caving stage, which indicates the transverse
expansion in this stage is mainly along the direction of
the ore body strike. However, the goaf arch foot in the

—— Deformation monitoring area
m  Waste rock wall

(b)

—— Deformation monitoring area
®  Waste rock wall

(©)

2.0m

Y
3.0m

—210 m level; (d) site map of waste rock wall; (e)

T-drift 10-2# at the —195 m level is seriously damaged when
the temporary stability (as shown in Figure 9) is broken.
This phenomenon indicates that the goat boundary begins
to expand along the perpendicular to the direction of the
ore body strike.

As shown in Figure 14, the general law of the goaf caving
after the paroxysmal caving stage can be analyzed by com-
bining with the failure of the arch foot and the louder crash
of the caving rock. The period from the data of the goaf for-
mation to December 10, 2019, can be called the paroxysmal
caving stage. Then, the temporary stability stage from Decem-
ber 10, 2019 to December 29, 2019 is formed after the parox-
ysmal caving stage. On December 29, 2019, the goaf mass
caving, accompanied by a louder crash sound, occured again.

Recall that the louder crash of caving rock can be used to
characterize the mass caving of goaf surrounding rock. As
shown in Figure 4, the mass caving and the temporary sta-
bility of the M2 goaf change periodically alternately. The
interval period of the goaf mass caving is about 15-30
days, and the interval increases with the continuous filling
treatment. In this stage, the periodic characteristics of mass
caving in the goaf are obvious, which can be considered as
the periodic changes of continuous stability and instability of
the caving arch. Therefore, this stage can be called the peri-
odicity caving stage.

In the periodicity caving stage, the failure of the arch foot
in the deformation monitoring area occurs before the mass
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FIGURE 14: Statistics of the failure of arch foot and the louder crash of caving rock.

caving of the goaf surrounding rock. The lag time for the goaf
mass caving is about 3-8 days, which indicates the failure of the
arch foot can cause the goaf mass caving. In fact, the support
provided by the backfill to the goaf surrounding rock below the
—210m level is the limit due to the slow filling speed. Therefore,
the goaf surrounding rock above the —210m level is easily
affected by the failure of the arch foot. However, the stability
of the caving arch formed in each cycle is better when the
transverse support provided by the backfill stabilizes the arch
foundation with the continuous filling treatment. Then, the arch
foot is not easy to be damaged. This is the reason for the differ-
ence in the cycle and the lag time of the goaf mass caving.

5. Discussions

The two-stage caving characteristics of the M2 goaf show
that the surrounding rock caving always exists in the process
of filling treatment, which is consistent with the detection
results of the 3D laser scanning (Figure 15). As shown in
Figure 15, the 3D laser scanning of the M2 goaf has been
performed only three times due to the limitations of the
production and filling treatment site conditions. The volume
of the M2 goaf on March 17, 2021 (216,900 m?) is close to
that on July 22, 2019 (245,000 m?). However, a total of
498,800 m” of filling slurry has been filled into the M2 goaf
during the period, which indicates the illegal goaf below the
—210m level is multilayer and numerous. The lower sur-
rounding rock of the M2 goaf gradually enters a stable state
under the support of the caving rock and the filling slurry.
Considering that the level above —210m is the scope of
the mining rights of the mine, the comparative analysis of the
boundary extension of the M2 goaf in the main production
level can better illustrate the two-stage caving characteristics
of the M2 goaf. As shown in Figure 16, the boundary of the
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FiGure 15: Comparison of the right view of the M2 goaf detection.

M2 goaf in the main production level expanded mainly along
the ore body strike direction from July 22, 2019 to September
16, 2019. Meanwhile, the boundary of the M2 goaf in the
—180m level is most obvious, which creates favorable condi-
tions for the paroxysmal caving of the M2 goaf. Therefore, the
paroxysmal caving characteristics of the M2 goaf were intense
and irregular from July 22, 2019 to December 10, 2019.

It is difficult to show the boundary extension of the M2
goaf in the periodicity caving stage due to the lack of the 3D
laser scanning results. However, the field investigation shows
that the boundary of the M2 goaf has expanded along the
direction of the ore body strike until December 29, 2019,
when the boundary begins to expand along the direction per-
pendicular to the ore body strike. Moreover, the monitoring
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Figure 16: Comparision of the boundary extension of the M2 goaf in the main production level: (a) —210m level; (b) —195m level;

(c) =180 m level.

results of the crash of the caving rock and the deformation of
the arch foot show that the boundary of the M2 goaf in the
periodicity caving stage expands along the direction perpen-
dicular to the ore body strike. Therefore, the caving charac-
teristics of the M2 goaf still can be divided into two stages even
in the absence of the 3D laser scanning results, and the bound-
ary of M2 goaf in the periodicity caving stage extends along
the direction perpendicular to the ore body strike.

It is worth noting that the results of the numerical simu-
lation and the monitoring methods cannot be accurately
compared with the results of the 3D laser scanning due to
the existence of the multilayer and numerous illegal goaf
below the —210m level. However, the 3D laser scanning
results show that the expansion trends of the M2 goaf bound-
ary in two stages are consistent with the results in this work.

According to the recording video obtained from the site,
the louder crash sound accompanied by the paroxysmal
boom of high and low is dull, rich, and loud, and the average
time of a louder crash sound is about 5 min, which conforms
to the characteristics of the mass caving of goaf surrounding

rock. The deformation monitoring results show that the fail-
ure of the arch foot in the deformation monitoring area
occurs before the mass caving of the goaf surrounding rock
in the periodicity caving stage. Therefore, the deformation of
the arch foot can be regarded as a precursor to predict the
occurrence time of the goaf mass caving.

Considering that the arch foot deformation is mainly
reflected in the expansion of the goaf boundary along the
perpendicular to the direction of one body strike, the param-
eter h, can be defined as the difference between the two
boundary expansions to represent the degree of arch foot
deformation. The parameter h, refers to the difference of
the goaf boundary expansion caused by two consecutive cav-
ings in the same roadway, which can be obtained by the laser
range finder.

The boundary extension range of M2 goaf in the defor-
mation monitoring area is shown in Figure 17. The values of
the parameter /1; and the occurrence time of the goaf bound-
ary expansion are different in the deformation monitoring
areas. As shown in Figure 17, the value interval of two
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monitoring areas.

boundary expansion differences h, is (1.9, 2.8 m), the average
value is 2.35m, and the minimum value can be approxi-
mated as 2 m. Therefore, the goaf surrounding rock is possi-
ble to occur with the mass caving when the boundary
extension value of goaf exceeds 2 m in the periodicity caving
stage.

The occurrence time of the goaf mass caving in this work
is proposed by the relationship between the failure of the
arch foot and the goaf mass caving. The peculiarity of the
M2 goaf in the Shirengou Iron Mine is large depth, large
scale, and irregularity. Moreover, the distribution of lower
illegal goaf cannot be clearly detected due to the limitation of
the range of mining rights. Then, the goaf arch foot is easily
failure by the undiscovered illegal goaf upward caving.
Therefore, the applicability of the occurrence time of the
mass caving of goaf remains to be further studied due to
the large differences in engineering problems.

6. Conclusions

The irregular M2 goaf in the Shirengou Iron Mine has the
characteristics of large depth, large scale, undiscovered bot-
tom goaf, intense caving activity, and being located in the
main production area. In the process of filling treatment, the
surrounding rock caving in the irregular goaf can be divided
into two stages: paroxysmal caving and periodicity caving.
The caving activity in the paroxysmal caving stage is intense
and irregular due to the slow filling speed. Meanwhile, the
expansion of the M2 goaf boundary is mainly along the roof
and the direction of the ore body strike. The transverse
expansion enlarges the span of the goaf and makes the
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rock movement of the goaf complex and changeable. The
periodicity caving stage occurs after the stable state formed
by the paroxysmal caving. Meanwhile, the M2 goaf boundary
begins to develop along the perpendicular to the direction of
the ore body strike. Using the monitoring of the crash of
caving rock, the smaller crash sound can characterize the
goaf sporadic caving, and the louder crash sound can char-
acterize the goaf mass caving.

The goaf mass caving and the temporary stability of the
M2 goaf change periodically alternately in the periodicity
caving stage. The interval period of the goaf mass caving is
about 15-30 days. Meanwhile, the goaf mass caving occurs
after the failure of the arch foot. The lag time for the goaf
mass caving is about 3-8 days. Therefore, the deformation of
the arch foot may be regarded as a precursor to predict the
occurrence time of the goaf mass caving. The mass caving for
the M2 goaf surrounding rock occurs when the deformation
value exceeds 2 m. Further measurements and observations
contribute to the applicability of deformation value due to
the differences in engineering problems.
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