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When sublevel caving is used in metal mines, the stress state in the rock mass that initially
existed around themined-out area will be destroyed. This will lead to the rock strata deforming
and moving and also, potentially, to large-scale collapse and cracking of the ground surface.
Such ground surface deformation can cause significant damage to buildings and other
structures. Therefore, it is very important to study the mechanism responsible for this ground
surface deformation so that methods can be devised to protect themine’s production facilities
as well as the property and safety of nearby residents. In this study, the mechanism
responsible for the surface deformation of the hanging wall in the eastern part of the
Jinshandian iron mine was investigated by analyzing monitoring data collected in situ on
the surface (from 2008 to 2020) and other related information (occurrence of surface cracking
and collapse and geological conditions). The results show that the ground surface deformation
can be divided into four stages (initial, creep, slow, and accelerating deformation stages). A
flexural toppling failure model is proposed to account for the surface deformation. The model
suggests that large-scale deformation of the ground surface at the hanging wall occurs due to
the combined effect of in situ ground stress, occurrence of steep dip discontinuities and faults,
the dips and strikes of the two parallel orebodies, and underground mining activity.
Furthermore, the surface deformation can be divided into six regions corresponding to
caved, rapidly-accelerating deformation, slowly-accelerating deformation, acceptable
deformation, slight deformation, and no deformation zones. In the rapidly-accelerating
deformation zone, the ratio of the horizontal to vertical displacement is greater than 1 and
some major cracks can be found. Large-scale cracks begin to form when the horizontal
velocity of the ground surface is greater than 1mm/day.

Keywords: metal mine, underground mining, hanging wall, in situmonitoring data, discontinuities and faults, ground
surface deformation

1 INTRODUCTION

In China, the number of open-pit mines is decreasing and more metal mining is taking place deep
underground. Sublevel caving is one of the most widely used mining methods employed in such
mines. However, as the orebodies are mined out using this method, the rock strata begin to deform
and this deformation gradually spreads to the surface. On reaching the surface, the deformation may
cause a significant amount of damage to the buildings and structures erected there. Therefore, the
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deformation not only affects the safety of the underground
mining activity but also threatens the safety of the mine’s
production facilities and the nearby residents. The geological
disasters (ground surface collapse and cracking) often occur in
the mining area, because of the deep underground mining
activities. What is worse, sometimes rockburst is found in
deep underground (Feng et al., 2015; Feng et al., 2020).
Consequently, it is imperative that the mechanism driving the
surface deformation induced by underground mining is
understood in great detail. Much research has been carried out
on surface deformation using a variety of approaches including
theoretical analysis, physical modeling experiments, numerical
simulation, and in situ monitoring.

Hoek (1974) used a limit equilibrium approach to analyze the
failure of the rock masses in the hanging wall. Lupo (1996a) has
carried a lot of research on metal mines and suggested that the
ground surface deformation can be divided into three zones: a caved
zone, large-scale surface cracking zone, and a continuous surface
subsidence zone. Lupo (1996b) also pointed out that shear failure is
the dominant failure mechanism in the footwall, while a combination
of shear and toppling failure occurs in the hanging wall. Lupo (1997)
subsequently introduced an analytical model that combines a limit
equilibrium approach for the hanging wall and footwall with a
Coulomb-type surface-traction force to represent the caved rock.
Svartsjaern (2019) used conceptual models to refine calibrated
models detailing the damage development process and failure
mechanisms acting. Physical modeling experiments have been
used to predict the ranges of collapse pits and figure out the
mechanism responsible for surface collapse (Wu et al., 2009;
Wang et al., 2019). Also, many scholars have used numerical
simulation to study metal mines/tunnels. For example, codes
PHASE2 (Villegas and Nordlund, 2008a; Blachowski and Ellefmo,
2012), FLAC3D (Parmar et al., 2019), PFC2D (Villegas and
Nordlund, 2008b; Svartsjaern and Saiang, 2017), UDEC (Pinheiro
et al., 2015; Svartsjaern et al., 2016), 3DEC (Wang et al., 2012) and
FEM/DEM-DFN (Vyazmensky, 2008) have been used to study break
and limit angles, ground surface subsidence, caved rock zone
deformation, and failure mechanisms in discontinuous rock
masses. Finite-difference continuum damage mechanics approach
was used to study roof caving (Eremin et al., 2020).

Many scholars have also studied surface deformation by directly
monitoring it in situ. For example, time–displacement, time–inverse
velocity, and time–velocity curves were generated and used to
analyze the ground surface deformation at the Kiirunavaara mine
in Sweden at different mining stages (Villegas and Nordlund, 2012).
Xia et al. (2016a), Xia et al. (2016b), Xia et al. (2019b) extensively
studied the ground deformation, movement, and collapse
mechanism at the Chengchao iron mine in China based on
deformation data monitored in situ and field investigations.
Studies centered on the Jinchuan Nickel Mine in China found
that the horizontal displacement of the underground roadway
was larger than its vertical displacement and that the maximum
cumulative vertical displacement at the hanging wall surface was
smaller than that at the footwall. In the mining area, almost all of the
plane displacement vectors were found to point towards the mined-
out area. Moreover, three failure mechanisms were suggested to be
involved: double-sided embedded-beam deformation, fault

activation, and cantilever-articulated rock beam failure (Ma et al.,
2012; Ma et al., 2013; Zhao et al., 2013; Ma et al., 2015; Ding et al.,
2018; Lu et al., 2018). Xia Y. et al. (2018) have also used a
combination of techniques (D-InSAR and GIS) to identify the
scope of illegal underground mines. LiDAR mapping and
geological penetration radar (GPR) were used to analyze roof
damage (Evanek et al., 2021; Li et al., 2021).

According to the scholar’s research, few of them study the
mechanism of ground surface deformation, with consideration of
geological condition (such as steeply dipping discontinuities and
faults), especially the unique geological condition like Jinshandian
Iron Mine. The geological conditions in the eastern part of the
Jinshandian mine in China are complicated. There are
discontinuities with steep dip angles, four faults distributed in the
area with east–west strikes, and two orebodies that are essentially
parallel. There are also a large number of buildings and structures on
the surface in the hanging wall region. The surface first collapsed in
2008 near a private mining site (site no. 3) and a further surface
collapse occurred in 2013. Since October 2016, the underground
roadway has become damaged due to the ground pressure in the
hanging wall which has also led to large-scale collapse and cracking,
both underground and on the surface (Yang, 2019). The
deformation of the surface has also resulted in buildings and
other structures suffering from subsidence, becoming inclined
and cracked. However, there is a lack of research on the
characteristics of surface deformation and deformation
mechanisms in metal mines with steeply dipping discontinuities
and two parallel orebodies. In this study, the mechanism
underpinning the surface deformation of the hanging wall is
elucidated based on surface deformation data collected over a
period of 13 years. The results can be used to help guide
subsequent underground mining work and relocate residents on
the surface in a safe and timelymanner. The result can be a refence to
the underground metal mines which have the similar engineering
geology condition.

2 ENGINEERING GEOLOGY OF THE
MINING SITE

The Jinshandian iron mine is located near Jinshandian town,
which is 30 km southwest of Huangshi in Hubei province, China.
The eastern area is taken to lie between exploratory lines nos. 25
and 43. Its east–west extension corresponds to nearly 1,000 m and
its north–south extension is 990 m. Mining started at the –270 m
level (altitude, the sea level is 0). There are two main orebodies
present (‘Fe I’ and ‘Fe II’) that are separated by a 50–150 m thick
rock wall.

2.1 Strata Lithology
The lithographic forms most widely distributed in the eastern
part of the Jinshandian iron mine are hornstone, marble,
magmatic (mainly diorite), orebody, and fault (Figure 1). The
hornstone (labeled A in Figure 2) can be subdivided according to
its distance from the orebody. Type A1 hornstone (located far
from the orebody) shows good quality, whereas type A2

hornstone (close to the orebody) has poor quality. Marble is
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labeled using the letter B, while the magmatic rocks are labeled C.
The latter can also be subdivided into types C1 (rocks that are far
away from the orebody and have good quality) and C2 (rocks that
are close to the orebody and show poor quality). The orebodies
(D) can also be divided into two types: D1 (block structure; good
condition) and D2 (powdery structure; poor condition). In terms
of rock mass quality, the lithography can be ranked from good to
poor as follows: C1 > A1 ≥ C2 > A2 ≥ B > D1 > D2.

2.2 Discontinuities and Faults
2.2.1 Discontinuities
An in situ geological investigation was carried out on the ground
surface and –340, –354, –368, –382, and –396m levels in July 2018.

The discontinuities in the hanging wall were then classified. It
can be seen that there are three main groups of dominating
discontinuities in the hornstone (Table 1).

2.2.2 Faults
The mining area is crossed by four parallel fault zones with
east–west strikes in plane projection. In addition, the upper parts
of the faults tend to be steeper than their lower parts when viewed

in cross-section along exploratory lines (as shown in Figure 1).
Some specific observations can also be made:

1) Fault F1 extends eastwards from exploratory line 32. It is about
1,500m in length and 15–35m wide. It has a dip direction that
ranges from 160° to 200° and a dip angle of 60°–75°.

2) Fault F2 extends eastwards from exploratory line 38 and its
length is about 1,200 m. Its dip direction ranges from 180° to
190° and its dip angle is 55°–85°.

3) Fault F3 lies between exploratory lines 25 and 43 with a width
that ranges from 15 to 35 m. It dips to the south and has a dip
angle that ranges from 55° to 87°.

4) Fault F4 is roughly parallel to F3 and runs 25–150m to the south
of it. It also dips to the south. Its dip angle is in the range from 55°

to 85° and its width is 10–35m. F3 and F4 coalesce near
exploratory line 42, forming a 100-m wide fault zone on the
surface.

2.3 In Situ Ground Stress
The stress relief method, which is based on elastic mechanics
theory, was used to measure the level of in situ ground stress. The

FIGURE 1 | Lithology, faults, and private mining sites in the study area.
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rock mass is assumed to be an infinite elastic body. Any boreholes
in the rock will thus be elastically deformed by the initial ground
stress. Therefore, the stress state in the plane perpendicular to a
borehole axis can be calculated by measuring the deformation
(change in diameter) of the borehole during the stress relief
process. Stress tests were carried out in situ in December 2019 in
the –410 and –500 m levels. The results obtained are shown in
Table 2.

2.4 Description of the Orebodies
2.4.1 Orebody Distribution
There are two main orebodies (Fe I and Fe II) in the eastern part
of the Jinshandian iron mine that are parallel to each other.
Between Fe I and Fe II, there is a rock wall composed of hornstone
and quartz diorite with a thickness of 50–150 m. Fe I is 1,320 m

long from east to west (stretching from exploratory line 23 to
exploratory line 43). Fe II has a length of about 1,020 m
(stretching from exploratory line 26 to exploratory line 43). Fe
II lies to the north of Fe I and the two orebodies are imbricated
when viewed in cross-section.

2.4.2 Mining Situation
In September 2005, the roof of the –270 m level began to cave.
Orebody Fe I was mined from north to south, while orebody Fe II
was mined from south to north. Due to relocation problems on
the surface, mining work had to be suspended from early April
2009 to the end of February 2012. Mining resumed in earlyMarch
2012. Due to the COVID-19 pandemic, mining work had to be
stopped on January 18, 2020; it subsequently resumed on March
21, 2020. See Table 3.

Mining work is now taking place in the –382 and –396 m
levels. The partly situation with respect to mined-out areas is
shown in Figure 3.

In addition, as parts of the orebodies were quite near the
surface (some were even directly exposed on the surface), many
private mining sites were set up. Among them, there are three
main sites of interest (labeled site nos. 1, 2 and 3 in Figure 1). It is
understood that the mining depth of these private mining sites is

FIGURE 2 | Geological sections along exploratory lines 34 and 36. (A) Exploratory line 34. (B) Exploratory line 36.

TABLE 1 | Major discontinuities in the hanging wall.

No. Dip direction Strike Dip angle (°) Spacing (m)

1 217° (S 37° W) S 53° E 70 /
2 106° (S 74° E) S 14° W 78 /
3 181° (S 1° W) S 89° E 66 0.30
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about –160 m and the amount of stoping ore involved is about 2
million tons. Much of the important information about the
locations and shapes of the mined-out areas formed
underground at these sites is unknown. However, the mining-
out of these shallow orebodies was found to have a significant
impact on the deformation of the surface, leading to collapse at
several places near the private sites when the mining
activity began.

3 NATURE OF THE GROUND SURFACE
CRACKING AND COLLAPSE

3.1 Ground Surface Collapse
In April 2007, the ground surface collapsed at the no. 2 private
mining site near exploratory line 36 (collapse pit no. Ⅰ). The area
affected measured ~250 m2 and three nearby houses were cracked
and deformed. In September 2008, a second collapse occurred
near the no. 3 private site (in the courtyard of a food company)
affecting an area of ~620 m2 (collapse pit no. Ⅱ). The evolution of
the surface collapse and cracking processes in this region is shown
in Figure 3 and Figure 4.

In February and May 2013, the surfaces near collapse pits II
and I collapsed again (respectively). Thereafter, the two collapsed
areas continued to extend outwards in all directions. In
November 2013, a new collapse pit with an area of ~300 m2

appeared on the surface just south of collapse pit II which
gradually merged into one collapse pit with pit no. II.

In April 2017, a collapse pit with a diameter about 6 m and
depth of about 3 m appeared next to the railway between
exploratory lines 38 and 38-1 (collapse pit no. Ⅲ). This pit
was funnel-shaped and left part of the railway hanging in the
air. Due to the scale of the collapse, the railway became severely
deformed and was demolished after it was found to be unusable.

In April 2018, a larger funnel-shaped collapse pit (diameter
~20 m) appeared between exploratory lines 34-1 and 36 (collapse
pit no. IV). By June 2018, the collapse pit had expanded slightly
and deepened, and there were also many cracks visible in the
ground nearby.

In November 2018, another funnel-shaped collapse pit
(collapse pit no. V) appeared 150 m west of collapse pit I
between exploratory lines 30-1 and 32. The diameter of this
pit was ~18 m and its depth was ~10 m.

In June 2019, a pit with a depth of ~5 m and diameter ~5 m
(collapse pit no.Ⅵ) appeared to the east of collapse pit no. IV. In
the same month, a large number of collapse pits formed to the
east of collapse pit no. II. One particular collapse pit, referred to as
a ‘pit-in-pit’, measured ~10 m (diameter) by ~7 m (depth).

By the beginning of 2007, the area of the ground affected by
surface collapse and cracking had expanded in all directions as the
mining activity proceeded. As a result, the buildings and
structures on the surface had been seriously damaged. Aerial
photographs of the mining area taken in 2020 (Figure 3) clearly
show the pattern in the surface deformation and damage caused
by the underground mining activity. The scope of the surface
collapse was investigated via in situ field investigation, three-

TABLE 2 | In situ ground stress levels (December 2019). The principal stress is specified via three components: σH (maximum horizontal stress), σh (horizontal intermediate
stress) and σv (minimum vertical stress). The angle θ is the angle between the horizontal principal stress and north direction.

No. Lithology Method Depth
underground

(m)

Borehole
depth
(m)

Density
(103 kg/

m3)

σH
(MPa)

σh
(MPa)

σv
(MPa)

θ (°)

1 Hornstone Stress
relief

508.38 53.6 2.51 21.4 16.6 12.5 291.1

2 Diorite Stress
relief

575.67 33.3 2.66 21.9 20.4 15 30.5

3 Diorite Stress
relief

576.8 34.5 2.66 23.2 19.6 15.0 3.5

TABLE 3 | Mining situation.

Mining level (m) Mining dates

Start End

−270 Feb 2007 Apr 2009
−284 Dec 2007 Dec 2012
−298 Mar 2012, Fe I and Fe II Sep 2013, Fe I and June 2014, Fe II
−312 Apr 2012, Fe II and December 2012, Fe I Jun 2014, Fe I and November 2014, Fe II
−326 May 2014 Fe I and December 2014 Fe II Aug 2015, Fe I and March 2016, Fe II
−340 Mar 2015, Fe I and Fe II Mar 2016, Fe I and April 2017, Fe II
−354 Dec 2015, Fe I and February 2017, Fe II Dec 2018, Fe I and April 2018, Fe II
−368 Feb 2017, Fe I and February 2018, Fe II Oct 2019, Fe II and July 2020, Fe I
−382 Feb 2018, Fe I and August 2018, Fe II Nov 2020, Fe II and Mining, Fe I
−396 Mar 2019, Fe I and June 2019, Fe II Currently being mined
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dimensional (3D) laser scanning, and aerial photography, giving
the results shown in Figure 4.

It can be seen that four of the collapse pits lie above orebody Fe
I (nos. Ⅱ–Ⅳ and Ⅵ). The current area of collapsed ground
associated with these pits is ~15,800 m2. The surface
subsidence in the region was originally caused by the private
mining sites which led to funnel-shaped collapse pits nos. I and II
being formed near the nos. 2 and 3 private mines. As the
underground mining commenced, the scope of the collapse
continued to increase in extent. When the mining was
suspended, the collapse of the pits continued to extend slowly
due to the creep characteristics of the rock masses. Then, when
the mining was restarted in March 2012, the collapsed area
extended further still. After October 2016, the underground
roadways in the hanging wall were destroyed by underground
pressure (Yang, 2019) which led to large-scale deformation of the
surface. From April 2017 to June 2019, the collapse of pits nos.Ⅲ,
Ⅳ, Ⅴ, and Ⅵ occurred sequentially in that order. At present, the
deformation of collapse pits nos. II, III, IV, and VI above orebody
Fe Ⅰ continues to increase. The rock mass of roof was fractured
which influenced by F4 and F3 fault, and steeply dipping
discontinuities. After the roof collapsed, chimney caving
emerged above the mined-out area. In effect, by June 2019,
the caving of the deep rock mass propagated to the ground

surface forming a large-scale area of deformation above the
mined-out area.

3.2 Cracking and Damage to the Ground
Surface, Buildings, and Other Structures
An investigation of the surface cracking (from 2016 to 2020) and
damage to buildings and structures (investigation made in
December 2020) was made in the hanging wall (see Figure 3 for
details). Due to the effect of the undergroundmining, a large number
of cracks had appeared on the surface. Before 2016, there were clearly
more cracks in the footwall than the hanging wall. Xia et al. (2019a)
explained this by suggesting that the footwall rock mass had
undergone slipping–toppling failure. After October 2016, the
cracks in the hanging wall had gradually increased.

The cracks around the collapse pits are essentially parallel to their
boundaries and have the same strike as orebody Fe I. The cracks that
are far away from the collapse pits are essentially parallel to the
strikes of the discontinuities. For example, cracks (1), (3), and (4) are
consistent with the first group of discontinuities inTable 1 and crack
(2) is consistent with the second group of discontinuities.

Due to the deformation and destruction of the ground surface in
the hanging wall, the buildings and structures have become cracked
and show signs of subsidence. The buildings close to the collapsed pits

FIGURE 3 | Planar projection of the collapse pits and cracks.
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have become strongly inclined and subsided and the displacement in
the vertical direction is greater than that in the horizontal
direction—for example, (b) and (c). A certain distance from the
collapse pits, cracking and horizontal movement can be seen to occur
in buildings that have good integrity [for example, the building (a) in
the concrete frame structure]. Other buildings with poor integrity
have also cracked but the dip direction of these cracks deviate from
those of the collapse pit, as shown by the (d) in Figure 3.

Affected by the steeply dipping discontinuities, cracks around
the collapse pits are essentially parallel to the boundaries of the
pits, while the cracks far away from the pits are consistent with the
strikes of the discontinuities.

4 NATURE OF THE GROUND SURFACE
DEFORMATION

The horizontal and vertical deformation of the ground surface in the
hanging wall region was studied based on the monitored GPS and
level data. Some of the monitoring points used are shown in
Figure 5.

4.1 Methods Used to Monitor the
Deformation
A GPS technique was used to monitor the horizontal displacement.
HiPer II andV receivers (manufactured byTopcon) and the Sheshan

coordinate system were used. The radius of the ellipsoid used is
6,378,245m, the reciprocal of curvature is 298.3, the central
meridian is 114° E, and the offset value is 500,000 m. The 3D
coordinates of the two reference points employed are G1
(3,335,533.049m, 578,779.2745m, 110.59958m) and G2
(3,335,331.055m, 579,266.8118m, 47.42427m). The position
coordinates of the monitoring points can be calculated using the
GPS receivers and two known reference points.

Two methods can be used to monitor the vertical
displacement. One is based on GPS measurement. These
measurements can be made simultaneously with the horizontal
displacement measurements (using the same monitoring points).
The other method involves level monitoring. In this work, Leica
DNA03 digital levels were employed.

A number of monitoring points in the hanging wall were selected
to determine the characteristics of the surface deformation (36 GPS
and 18 level monitoring points). The monitoring data were then
used to construct displacement–time and velocity–time curves. In
addition, the data can be used to elucidate further deformation
parameters at each monitoring point (cumulative horizontal and
vertical displacements, ratio of horizontal to vertical displacement,
and horizontal and vertical deformation velocities).

4.2 Surface Displacement–Time Curves
4.2.1 Horizontal Displacement
The horizontal displacement–time curves obtained at the
various monitoring points present different deformation

FIGURE 4 | Aerial photographs of the mined-out area (main image captured in May 2020).
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characteristics and can be divided into five types. The first
type is generally found at points that lie close to the mined-out
areas, e.g., points C10, C11, C15, C21, C56, C57, C60, C61,
and C63-1. At these points, the displacement curves generally
exhibited three inflection points which occurred around
March 2009, February 2012, and October 2016 (Figure 6).
At monitoring point C15, however, the third inflection point
appeared to occur later, around October 2017. It shows that
the deformation produced by the initial mining activity was
quite small before March 2009. The surface deformation
increased slowly thereafter due to the suspension of mining
from April 2009 to February 2012. The deformation slowly
increased from March 2012 onwards due to the resumption of
the mining activity. Around October 2016, the deformation
rate increased sharply. At point C15, however, the
deformation increased only slowly after October 2017, and
the cumulative horizontal displacement appeared to stabilize
at around 63 cm now.

The second type of displacement curve has just two inflection
points—March 2009 and February 2012—as found at points C16,
C18, and C19 for example (see Figure 6 for details). The third
type of curve has just one inflection point which occurred around
October 2016, e.g., points C69, C91, and C92. The fourth type of
curve has no inflection points, the displacement generally
increasing linearly in time, e.g., C100, C102, C103, D02, X1,
X2, X6, X7, X15, X22, X23, and X35 (where the displacement of
X1, X2, X6, X7, X15, and X35 appear to be larger and faster than
the others). The fifth type of curve corresponds to data that
undergoes small fluctuations, e.g., X12, X13, X14, X16, X17, X24,
X25, X46, and X47.

In order to better understand the surface deformation data
recorded at the monitoring points during different mining
periods, the first type of deformation curve with three
inflection points is divided into four stages: Period 1 (P1)
from 2008/5/5 to 2009/3/23; Period 2 (P2) from 2009/3/23 to
2012/2/25; Period 3 (P3) from 2012/2/25 to 2016/10/18; and
Period 4 (P4) from 2016/10/18 to 2020/12/22. These divisions are
also used when considering other GPS and level monitoring
points. The cumulative horizontal displacements (until
December 2020) in the first three types of displacement curve
lie in the ranges 62.96–479.5 cm, 13.89–22.72 cm, and
172.74–420.40 cm, respectively. Those in the last two types lie
in the ranges 2.28–152.95 cm and 0.5–2.84 cm, respectively. The
point that exhibited the largest horizontal displacement is C11
where the maximum displacement reaches 479.5 cm.

For a given monitoring point, the horizontal displacement
gradually increased as the mining activity proceeded. Also, the
deformation suffered over a given period of time gradually
increases the closer the point is to the void boundary. Apart
from the boundary points X14, X17, X24, and X25, the horizontal
displacement vectors were measured at each GPS monitoring
location points towards the mined-out areas. The main
deformation seemed to occur after October 2016. For example,
the horizontal deformation at C11 during P4 exceeded 450 cm,
which is 19 times larger than the sum of P1, P2 and P3.

4.2.2 Vertical Displacement
The vertical displacement–time curves presented here are based
on the level monitoring data recorded. Two types of curves are
found (Figure 7). The first type features 4 inflection points

FIGURE 5 | Locations of some of the GPS (in blue) and level (in magenta) monitoring points used.
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(around September 2008, May 2010, February 2012, and October
2016) as found at points A29, A30, F02, E08, E09, S02, and S03. In
September 2008, collapse pit no. II was formed. There was a lot of
rain from March to May 2010 but the vertical displacement
changed very little around June 2010. The vertical displacements
of the monitoring points range from –11.32 to –165.22 cm (the
largest displacement occurring at S02).

The data recorded at points A31, A32, A38, A40, A44, A47,
A48, F01, D01, and D02, however, exhibit two inflection points

(around September 2008 and May 2010) and the displacements
(until December 2020) range from –1.47 to –11.5 cm.

As can be seen, some points (C10, C11, C56, C57, C60, C61,
C63-1, C69, C91, C92, X6, and X7) experienced large vertical
displacements (until December 2020) that range from –71.51 to
–378.25 cm. Point C69 suffered the largest change (–315.74 cm)
in P4, which is more than 5 times larger than P3. The vertical
displacements (until December 2020) of points C15, C16, C18,
C19, C21, C100, X1, X2, X13, X15, and X35 fall in the range

FIGURE 6 | Horizontal displacement–time curves (A) With two and three inflection points. (B) With one inflection point.

FIGURE 7 | Vertical displacement–time curves (A) With four inflection points. (B) With two inflection points.
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–11.84 to –45.76 cm. In contrast, the vertical displacements
measured at C102, C103, D02, X12, X14, X16, X17, X22, X23,
X24, X25, X46, and X47 are rather small (between –0.4 and
–8.92 cm). For a given monitoring point, the vertical
displacement tends to increase as the mining activity becomes
deeper. In addition, the closer the monitoring point is to the
mined-out areas, the greater the deformation suffered over a
certain period of time.

4.3 Surface Displacement Velocity–Time
Curves
The influence that the mining activity has on the ground surface
is also reflected in the rate at which the deformation of the ground
surface changes. Therefore, the data were used to construct
horizontal and vertical velocity–time curves, as shown in
Figure 8 and Figure 9.

The horizontal velocity–time curves (constructed using the
GPS monitoring data) illustrate the 6 kinds of horizontal velocity
variation found in the area. The first type is exemplified by points
such as C10, C11, C56, C57, C60, C61, and C63-1. Here, the
horizontal velocity undergoes large fluctuations at first but the
amplitudes of the fluctuations become smaller as times passes.
After a while, the velocity increased rapidly in a linear manner
(starting around October 2016). At C11, for example, the
horizontal velocity had reached 9.5 mm/day by August 2019.

The second type of behavior was found at C15, C16, and C18.
Here, the horizontal velocity fluctuated sharply at first but this

fluctuation decreased in significance as time progresses. That is,
the velocity–time curve constantly fluctuated but the amplitude of
the fluctuation became relatively small after October 2016. The
third type was observed at points such as C21. The curve
fluctuated at first, then increased linearly around October
2016, and continued to fluctuate after April 2017.

The fourth type of horizontal velocity curve (e.g., C69, C91
and C92) fluctuates steadily at first and then more rapidly after
October 2016. In the fifth type of curve (e.g., X1, X2, X6, X7, X15,
X35, C100, C102, C103, D02, and D07) it was fairly linear. The
behavior was established after October 2016 and fluctuated
steadily at a certain velocity (although the velocities at points
X6, X7, and X35 are higher than the others). The sixth type of
curve involved constant fluctuation—C19 and other monitoring
points were included in this type.

The horizontal velocities at points C10, C11, C56, C60, C61,
C69, C91, C92, X6, X7, and X35 are all greater than 1 mm/day in
the P4. In fact, the velocities in this interval fall in the range
1.10–3.07 mm/day. On the other hand, their velocities (except for
X6, X7 and X35) in P3 lie in the range 0.05–0.54 mm/day. The
velocities of points X1, X2, X15, C21, C57, and C63-1 range from
0.55 to 0.92 mm/day in the interval P4. The horizontal velocities
at points C15, C16, C18, C19, D02, C100, C102, and C103 are all
very small in P4 (ranging from 0.06 to 0.24 mm/day and
increasing slowly). The horizontal velocities of the other
monitoring points in P4 range from 0.02 to 0.21 mm/day. For
the displacement-time curves with four stages, most of the
horizontal velocities obey the following rule: P4 > P3 > P1 > P2.

FIGURE 8 | Horizontal velocity–time curves (A) C60; (B) C15; (C) C21; (D) C69.
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Vertical velocity–time curves were also drawn using the level
monitoring data. There were four kinds of types classified and
summarized. At point A29, the vertical velocity fluctuates at first
but an obvious change occurs around October 2016. Points A30,
A31, A32, A38, A40, A44, F01, F02, D01, and D02 essentially
appeared to be in a constant state of fluctuation. However, the
amplitude of the fluctuations was large at first but then became
smaller with a demarcation point around July 2014. Points A47
and A48 fluctuated at first and the amplitude of the fluctuation
appeared to increase linearly. However, the velocity was basically
zero after July 2014 implying that these points essentially stopped
moving up/down. Points S02, S03, E08, and E09 had vertical
velocities that fluctuated strongly at first and then showed an
obvious inflection point around October 2016 after which the
downward velocity increased sharply.

The vertical velocities of points C10, C11, C56, C57, C60, C61,
C63-1, C69, C91, C92, X6, X7, and X35 are in the range –0.18 to
–2.8 mm/day during the interval P4. Moreover, the velocity of
point C61 in P4 is 26 times larger than that in P3. Apart from
points X46 and X47, the other GPS monitoring points have
velocities ranging from –0.02 to –0.33 mm/day. The vertical
velocities of S02, S03, E08, and E09 during P4 are in the range
from –0.3 to –1.53 mm/day. The velocities of the rest of the level
monitoring points are between 0 and –0.06 mm/day.

The velocity–time curves all fluctuate to some degree. Such
fluctuations were studied by Ma et al. (2007). When underground
mining is carried out, strain energy accumulates in the rock strata.
When this energy exceeds a certain critical threshold, the energy

is released and the velocity of the rock mass will increase. As the
stored energy is subsequently dissipated, the velocity of the rock
mass will decrease.

The monitoring results presented here allow the following
conclusions to be drawn. The horizontal displacement–time
curves (from May 2008 to December 2020) that have three
inflection points can be divided into four stages: P1, P2, P3,
and P4. P1 corresponds to the initial deformation stage. In this
stage, both the displacement and velocities are small with some
fluctuation. The deformation is small and mainly caused by the
private mining activity. P2 is the ‘creep’ deformation stage and is
caused by the creeping movement of the rock. There is a small
increase in deformation at this stage. Therefore, the displacement
and velocity are again small but occur at a rate that is greater than
that in the P1 stage. P3 is a slow deformation stage in which the
deformation increases steadily at a certain rate. Finally, P4 is the
accelerating deformation stage in which there is a significant
increase in the rate of horizontal and vertical deformation.
Almost all of the monitoring points that have four stages are
such that their horizontal velocities show the same rule: P4 > P3 >
P1 > P2.

Depend on the GPS monitoring points, the horizontal
displacement velocity of C60, C61, C11, C92, are larger than
1 mm/day. At the meantime, many major cracks are found there,
like crack (1) to crack (4). Especially C92, it was close to crack (1)
which emerged on September 2020, and the horizontal
displacement velocity of C92 was 1.43 mm/day. So did the
crack (2) which was found on October 2019, and the

FIGURE 9 | Vertical velocity–time curves (A) A29; (B) F01; (C) A47; (D) S02.
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horizontal displacement velocity of GPS points C11 and C69 was
3.48 mm/day and 2.40 mm/day. Depend on the horizontal
displacement velocity of GPS monitoring points close to major
crack, we get the conclusion that major cracks on the surface will
emerge when horizontal velocities exceed 1 mm/day.

4.4 Ratio of Horizontal to Vertical
Displacement
Most of the monitoring points have horizontal to vertical
displacement (H/V) ratios that increase the further the point is
away from the void boundary. According to our statistical analysis,
26 of the 36 GPSmonitoring points have H/V values that are greater
than 1 until December 2020. This shows that the current surface
deformation process is dominated by horizontal displacement.

According to the displacement–time curves, displacement
velocity–time curves, and ratio of horizontal to vertical
displacement, a conclusion can be got, that is the horizontal
displacement plays an important role in ground surface
deformation. This is mainly affected by in situ ground stress,
and steeply dipping discontinuities. When the orebody is mined
in the deep, the in situ ground stress is released which cause the
rock column cut by steeply dipping discontinuities to topple.
Disturbed by the rock mass F4 fault start to slip, the failure of F4
fault and rock mass gradually spreads to the surface in months.

5 DEFORMATION MECHANISM AND
GROUND SURFACE ZONES
5.1 Ground Surface Deformation
Mechanism
Many researchers have used physical models to study themechanism
responsible for the ground surface deformation in the Jinshandian
ironmine region (Cai et al., 2006; Chen, 2006; Ren et al., 2010). Xia K.
et al. (2018) pointed out that the majority of the deformation above
the mined-out area was gradually spreading upwards from the deep
regions to the surface. Yang (2019), based on the results of in situ field
investigations, deformation and microseismic monitoring
experiments, and theoretical analysis, managed to explain why
ground pressure had been produced in the haulageway of the
mining level after October 2016. Moreover, the work of Brady
and Brown (2006) and Xia et al. (2016a), Xia et al. (2016b)
showed that it was mainly toppling failure occurring in the
metal mine. Also, Du et al. (2020a) and (2020b) did lots of study
on rock failure depend on acoustic emission.

The discontinuities in the rock mass are steeply dipping in the
eastern part of the Jinshandian mine. The first group of
discontinuities cut the hanging wall of the rock mass into
column-shaped blocks. In addition, the rock masses
surrounding the mined-out area are of relatively poor quality.
As the underground mining activity proceeds, the initial stress in
the rock is released after the rock mass near the void is disturbed.
This caused the forces acting on the opposite sides of the
columnar rock masses to become unbalanced. When the
tensile strength of a column is reached, it will be subjected to
flexural toppling failure. Failure occurs on the side of the rock

column near the void. As a result, a large amount of caved rock
will be created that will fall into the void. As the mining activity
moved to greater depths, the upper part of fault F4 slipped and
caved, further damaging the rock columns. The scope of the caved
rock masses is also extended (see Figure 10 for details).

The deformation of the hanging wall can now be seen to be
highly significant. The deformation is closely related to the dips
and strikes of the orebodies in the mining area, the distributions
of the discontinuities and faults, and the direction of the initial
ground stress. The two orebodies are parallel to each other and
have strikes in nearly east–west directions and dip towards the
south. In addition, four faults are distributed around the
orebodies with east–west strikes which means the quality of
the rock masses around the orebodies is poor. The steeply
dipping discontinuities play a crucial role in the surface
deformation. Also, the initial ground stress is oriented in a
nearly north–south direction. After the underground orebody
is mined out, the initial stress is released and the rock mass and
roof near the mined-out area are destroyed due to the in situ
ground stress, pressure from the overlying rock masses, and the
effect of gravity on them. When a large amount of orebody has
been mined, the deformation in the deep rock strata gradually
spreads to the surface. This, in turn, leads to subsidence and
horizontal movement of the ground surface and hence damage
and destruction of buildings and other structures thereon.

5.2 Ground Surface Zones
Lupo (1996a), Fu et al. (2015), Xia et al. (2020), and Pang et al.
(2020) have carried out a great deal of research on surface
deformation zones. In this paper, the surface deformation in
the hanging wall is divided into six zones based on the results of
our GPS and level monitoring data, the cracks observed in the
Jinshandian surface and its state of collapse, and the results of
other studies. Here, we refer to the zones as: (i) the caved zone
(CZ), (ii) fast-accelerating deformation zone (FADZ), (iii) slowly-
accelerating deformation zone (SADZ), (iv) acceptable
deformation zone (ADZ), (v) slight deformation zone (SDZ),
and (vi) no deformation zone (NDZ). The suggested boundaries
of these zones are shown in Figure 11.

The CZ, which is located directly above the void, may contain
a large amount of caved rock (whichmoved to the mined-out area
under the action of its own gravity). After a certain amount of
time, the deformation gradually spreads to the surface, causing
the surface to collapse and crack. On the surface near the
collapsed pit, there are a lot of large cracks and the soil layer
is very soft. The CZ boundary (CZB) is based on the topographic
map generated by 3D laser scanning and other observation
methods (aerial drone photography, GPS and level
monitoring, and field investigation). The CZB lies about 5 m
away from the collapsed pit boundary (CPB) and a large number
of tension cracks are visible on the surface which are quite deep
and have strikes parallel to the CPB. Due to the large deformation
encountered in the CZ, no monitoring points are set up inside it
in the interest of safety. As found previously by Lupo (1997), the
CZ is dominated by vertical deformation.

The columnar rock masses in the FADZ undergo flexural
toppling (towards the void side) due to the subsidence and
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FIGURE 10 | Schematic diagram showing the deformation mechanism in the deep rock strata.

FIGURE 11 | The zones formed on the ground surface.
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horizontal movement of the rock masses in the CZ. The numerous
failing rock columns lead to the formation of a slip surface. The failed
rock masses are relatively broken and will readily move to the
mined-out area along the sliding surface along with the caved rock
masses in the CZ. In the FADZ, the buildings are sinking heavily and
the surface cracks are large. The monitoring points in this area
exhibit obvious signs of accelerated deformation. At the same time, it
can be seen that the H/V ratios of the GPS monitoring points in this
area are all greater than 1 and their horizontal velocities are greater
than 1mm/day. The FADZ boundary (FADZB) is determined by
the locations of the major cracks on the surface and the coordinates
of the GPS monitoring points whose horizontal velocities exceed
1mm/day.

In the SADZ, there are a few cracks on the ground surface and
the deformation is mainly that caused by the flexural toppling
failure of the rock masses. The SADZ boundary (SADZB) is
drawn according to the horizontal displacement field derived
from the GPS monitoring data. A critical strain value of 6 mm/m
(0.006) is used to define the boundary based on Chinese
specification (The Coal Industry Bureau of the People’s
Republic of China, 2017).

Pang et al. (2020) has carried out a lot of research on ADZs. In
the ADZ, there is movement and deformation of the ground
surface but cracks do not form. However, a few cracks can be
found on the buildings and other structures. The rock mass below
this zone is disturbed and the displacement–time curves of the
monitoring points on the surface show a fluctuating and
increasing trend. The ADZ boundary (ADZB) is drawn, based
on the horizontal displacement field, using a critical strain value
of 2 mm/m (0.002).

In the SDZ, there is only slight movement of the ground
surface and the underground rock mass is subject to minimal
disturbance. As a result, the deformations of the monitoring
points in the zone fluctuate. Using the horizontal displacement
field, the SDZ boundary (SDZB) is drawn with a 1 cm
displacement boundary contour curve in consideration of
measurement errors.

In the NDZ, the underground rock mass and the surface are
not deformed at all. The monitoring points exhibit small
fluctuations due to measurement errors.

The zones and zone boundaries outlined above change
dynamically as the underground mining activity deepens.

6 CONCLUSION

Based on the monitoring data, some conclusions can be drawn as
follows, the result in this paper can be a refence to the metal mines
which have the similar engineering geology condition.

1) The cracks around the collapse pits are essentially parallel to
the boundaries of the pits and the cracks far away from the pits
are essentially consistent with the strikes of the discontinuities.
The closer one is to the mined-out area, the more severe the
damage observed in buildings and structures.

2) The horizontal displacement–time curves exhibit five types of
behavior. Curves with three inflection points can be divided

into four stages: initial deformation stage, creep deformation
stage, slow deformation stage, and accelerating deformation
stage. Currently, the horizontal to vertical displacement ratio
is greater than 1, indicating that the horizontal displacement is
playing the dominant role in the surface deformation.

3) The failure mechanism acting in the hanging wall is flexural
toppling of rock column and slipping of F4 fault. The large
deformation in the hanging wall is due to the combined effect
of in situ horizontal ground stress, steeply dipping
discontinuities and faults, the dip directions and strikes of
two parallel orebodies, and the underground mining activity.
The deformation in the deep rock strata gradually spreads to
the surface which causes the crack and damage on the ground
surface and buildings.

4) The surface deformation can be divided into six zones (CZ,
FADZ, SADZ, ADZ, SDZ, and NDZ). The caved zone
boundary extends 5 m beyond the collapse pit. The
boundary of the fast-accelerating deformation zone is
determined by the occurrence of major cracks and surface
points with horizontal velocities >1 mm/day. The slowly-
accelerating deformation zone, acceptable deformation
zone, and slight deformation zone boundaries can be
defined in a similar way (corresponding to horizontal
deformations of 6 mm/m (0.006), 2 mm/m (0.002), and
1 cm displacement, respectively). Moreover, the data
indicate that large-scale cracks will emerge when the
horizontal velocity of the ground surface exceeds 1 mm/day.
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