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Abstract: Metal mines mined using the sublevel caving method often exhibit various environmental
problems on the ground surface. This can affect the safety of the production process in the mining
area. A numerical model using Universal Distinct Element Code has been established to investigate
deformation failure giving rise to this underground mining. The calculations are combined with
in-situ monitoring data collected over a period of 10 years. The results indicate that the strata
movement in the footwall can be divided into two stages: an arch caving development stage and
post arch caving development stage. Mining disturbance is the main cause of caving in the arch
caving development stage. The overlying strata experience ‘caving–stability–caving’, leading to the
formation of an ‘arch-shaped’ caving pattern. In the post arch caving development stage, flexural-
toppling deformation occurs in the strata in the direction of the collapse pit due to the tectonic stress
present and high dip angles of the discontinuities. Through-going failure surface has been analyzed
by studying the plastic state and displacement of elements. The formation of through-going failure
surface is related to the flexural-toppling deformation and stress concentration caused by mining
activities. Based on the different failure mechanisms, an efficient partition has been proposed such
that the footwall can be divided into a stable zone, flexural-toppling failure zone, compression and
slipping-toppling failure zone, and shear-slipping failure zone. The results are a useful reference
when applied to the Chengchao Iron Mine and other similar metal mines.

Keywords: metal mine; underground orebody excavation; sublevel caving method; strata movement;
mining disturbance; deformation failure; numerical simulation

1. Introduction

Mineral resources are important for the continued development of society. Naturally,
therefore, as development becomes more rapid, demand for mineral resources also increases
rapidly. As a result, mining activity is gradually moving to deeper depths below ground.
The caving method is widely adopted in many metal mines due to its high efficiency
and relatively low operating costs [1–3]. Notable examples include the Kiirunavaara Iron
Mine in Kiruna City, Norrbotten Province, Sweden, Chengchao Iron Mine in Ezhou City,
Hubei Province, China, and Jinshandian Iron Mine in Huangshi City, Hubei Province,
China. Compared to metal mines mined using the filling method, sublevel caving leads
to the large-scale collapse of the strata overlying the mine. This can lead to unexpected
disasters resulting from the formation of collapse pits and cracks and damage to buildings
and facilities on the ground surface [4,5]. Due to the lack of research on stress–strain
behavior when extracting minerals by underground mining, a large amount of surface
subsidence was observed at the Kiirunavaara mine in Sweden. The surface disturbance
was so significant that it affected parts of Kiruna city [6,7]. Another representative example
is the Verkhnekamsk mine in Perm, Russia. Due to errors at the design stage and in the
production process, two mines were destroyed and flooded, and the destruction affected the
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city limits [8]. In other words, the sublevel caving method can lead to serious environmental
and safety problems.

Numerous scholars have conducted research on the movement of strata due to coal
mining activity, and some important results have been accomplished [9–15]. However,
metal ores tend to be located in areas with complex geological conditions. This makes the
problem of strata movement around metal mines more complicated; the research is still in
the exploratory stage. Scholars have tried to address the problem using a variety of research
methods, e.g., theoretical analysis, in situ monitoring, and numerical simulation. In terms
of theoretical analysis, Hoek [16] used a theoretical approach to model the progressive
failure (break angle) of the hanging wall in the Grangesberg Iron Mine in Bergslagen,
Sweden. Based on this work, Brown et al. [17] and Lupo [18,19] made further attempts
to provide an improved theoretical model. Baryakh et al. proposed a series of methods
to evaluate subsidence and fracture due to underground mining [20–22]. Although such
theoretical models are based on clear physical concepts (and are easy to use), a large
number of idealized assumptions are made during their derivation. Unfortunately, some
of these may be inconsistent with the complex geological conditions found in the field.
In terms of in situ monitoring, photographic methods (using, for example, unmanned
aerial vehicles), interferometric synthetic aperture radar, and global positioning systems
(GPSs) have been used by many scholars to measure the deformation of the ground
surface [23–25]. Although in situ monitoring is often limited by external conditions, it
does reflect the most realistic assessment of the ground surface displacement occurring.
In terms of numerical simulations, Sitharam et al. [26] used the concept of representative
elementary volume in fast lagrangian analysis of continua (FLAC) to study the deformation
and stress characteristics in the Kiirunavaara Iron Mine in Kiruna, Sweden. Rybak et al.
explored the change in the stress–strain behavior and the possibility of development of
deformation changes with numerical simulation using FLAC3D software (5.01 version,
ITASCA Consulting Group, Minneapolis, MN, USA) [27]. Villegas et al. [28] used particle
flow code (PFC) to study the effect of rock caving on the stability of the hanging wall.
Hamdi et al. [29] used the finite–discrete element method (FDEM) to study the influences of
the persistence and spacing of the discontinuities on the deformation of the ground surface
of the hanging wall. Yu et al. show that natural and human-made geodynamic events
associated with mining operations reflect the global geodynamic processes [30]. Senz, E.
and Menéndez-Pidal, I. et al. also studied topics related to that described herein [31,32].

Most scholars focus on the hanging wall because the strata movement there is more
extensive than that in the footwall. The Chengchao Iron Mine is a metal mine which is
mined using the sublevel caving method. Moreover, we have been monitoring this iron
mine for over 10 years. Our results show that, in this mine, the extent of the failure in
the footwall is more serious than that in the hanging wall. Various scholars have utilized
qualitative and limit equilibrium methods to analyze this phenomenon, but the mechanism
responsible for the extensive damage in the footwall is still not fully understood [33–35].
Considering that many significant buildings and facilities are located in the footwall of
the mining area, it is imperative that the deformation and failure mechanism should be
studied further.

According to the aforementioned analysis, it can be noted that the deformation fail-
ure occurring when extracting minerals via underground mining is a very topical issue.
Therefore, the purpose of this study was to investigate the strata movement and failure
mechanism in the footwall of the Chengchao Iron Mine, and to achieve this, it was nec-
essary to address the following tasks: the geological conditions in the Chengchao Iron
Mine were analyzed and a reasonable two-dimensional (2D) numerical model was estab-
lished using Universal Distinct Element Code (UDEC) and the model was then used to
simulate the complete orebody-mining procedure. The results of the numerical simulations
were then combined with the in situ monitoring data to investigate stratal movement in
the footwall from multiple perspectives. As a result, the stratal movement was divided
into two different stages. The formation of through-going failure surface was related to
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the flexural-toppling deformation and stress concentration caused by mining activities.
The footwall was subsequently divided into different zones according to the different
failure mechanisms occurring. The results obtained should serve as a useful guide to the
deformation occurring in the Chengchao Iron Mine and other similar metal mines.

2. Engineering Situation
2.1. Engineering Geology

The Chengchao Iron Mine is located in Ezhou in Hubei Province, China. The mining
area is about 2300 m long in the east–west direction and 800 m wide in the north–south
direction. The mine produces about 2.8 million tons of ore per year, making it the third
largest underground metal mine in China (after the Jingtieshan Iron Mine in Jiayuguan City,
Gansu Province, China and Meishan Iron Mine in Nanjing City, Jiangsu Province, China).

Many scholars have discussed the engineering geological conditions in the Chengchao
Iron Mine region in detail [36,37]. Therefore, in this section, only some of the most important
issues of relevance to the numerical simulations are briefly discussed. The mining area
can be divided into eastern and western areas by exploration line no. 15 (Figure 1). In the
eastern area, line no. 4 was chosen for further study. The geological profile along this line
is shown in Figure 2. The rock mass in the hanging wall is mainly comprised of hornstone
(the metamorphic product of mudstone or sandy shale). The strata overlying the orebody
are mainly composed of marble and diorite. In fact, as shown in Figure 2, the marble is
sandwiched between diorite and granite and has a ‘funnel’ shape in the vertical profile.
The width of the marble varies from 60 to 80 m. In Figure 1, it appears as a narrow stripe
aligned in the ESE–WNW direction. According to on-site drilling data, the marble contains
fissures that are highly developed.

Figure 1. Distribution of the rock masses and orebodies in the Chengchao Iron Mine region [5]
(numbers near the exploratory lines are the names of the geological profiles).
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Figure 2. Geological profile along line no. 4 in the study area [5].

The footwall in the mining area mainly consists of granite, and discontinuities are
widely developed in the surrounding rock mass. Two dominant discontinuity sets (J1–J2)
were found in the footwall through investigation of the geological outcrops and mining
roadways, as illustrated in Figure 3. The first discontinuity set, J1, has an orientation of
74◦∠82◦. It is the most developed and shows high persistence, so it is simply referred to
here as ‘one fully persistent discontinuity’. The discontinuity surfaces are rough, planar, and
brown. The second discontinuity set, J2, has an orientation of 209◦∠82◦. It is developed and
has medium persistence (the persistence of discontinuities is about 0.5). The discontinuity
surfaces are rough and iron-stained. Some discontinuities in other orientations were also
observed. However, compared to J1 and J2, these are not well-developed.

Figure 3. Pole plot of the discontinuities in the footwall (red rectangles denote the most developed
region of the dominant discontinuity sets).



Minerals 2022, 12, 1025 5 of 26

2.2. Mining Situation

Several orebodies can be found in the region (see Figure 1). The orebodies in the
eastern part of the Chengchao Iron Mine (i.e., nos. I, II, III, and IV) have strikes in the NWW
direction and dips in the SSW direction. The plans drawn up to mine the area specified that
sublevel caving should be adopted to mine the orebody. This mining method utilizes a true
caving technique, in that the aim of mining activity is to induce free displacement of the
country rock overlying an orebody. The main conceptual components of sublevel caving
are demonstrated in Figure 4. Mining progresses downwards in an orebody, with each old
production horizon level being progressively eliminated as mining proceeds. Generally, the
production horizon level consists of a series of sub-levels, and the phase height is between
60 to 80 m. The phase height is chosen to be 70 m and the sublevel interval varies from 10
to 12 m in the Chengchao Iron Mine. To improve the production capacity of the mine, the
sublevel interval is increased to 14 m when mining the −218 to −358 m levels. Moreover,
below the −358 m level, the sublevel interval is further increased to 17.5 m. The orebody in
the eastern area was first mined in 1969. After more than 50 years of mining, the mined-out
areas shown in Figure 5 have been formed. Further details of the mining schedule are
presented in Table 1. As can be seen, the −80, −150, −220, −290, −360, and −430 m levels
have been mined out. At present (up to June 2021), the −463 and −480.5 m levels are still
being excavated.

Figure 4. (a) Diagrammatic long section of sublevel caving; (b) diagrammatic plan of sublevel
caving [38].

Table 1. Extent of the mining activity at different times.

Mining Level (m) Mining Date
Orebody Number Mining Scope (Exploration Line Numbers)

Start End Beginning Ending
−16.0 −96.0 1969 1978 I,II 4 to 16; 20 to 26
−106.0 −150.0 1979 1984 II 10 to 24
−160.0 −206.0 1984 1990 II 9 to 22
−218.0 −260.0 1990 1997 II 11 to 22
−260.0 −302.0 1998 2002 II 13 to 22
−302.0 −358.0 2002 2008/07 III 15 to 16
−358.0 −375.0 2007/05 2012/02 III 15 to 16
−375.0 −393.0 2009/05 2013/12 III 15 to 16
−393.0 −410.5 2012/03 2017/03 III 15 to 14
−410.5 −430.0 2014/07 2018/07 III 15 to 12
−430.0 −447.5 2016/06 2018/08 III 15 to 10
−447.5 −463.0 2018/11 - - -
−463.0 −480.0 2019/10 - - -
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Figure 5. Distribution of the mined-out areas (numbers near the exploratory lines are the names of
the geological profiles).

3. Numerical Modeling
3.1. Numerical Method

The application of continuum theory in rock mechanics is limited due to the existence
of discontinuities [39]. To solve this problem, discrete element methods were employed
in media containing discontinuities. Based on the monitoring data, the area affected by
strata movement in the Chengchao Iron Mine is about 2500 m in length and 1500 m in
width. It is most reasonable to use three-dimensional numerical simulation software to
explore the strata movement in the eastern area of the Chengchao Iron Mine. However, it is
difficult for 3D numerical simulation in the case of a large geometrical domain requiring
fine mesh discretization. The orebody in the study area is essentially strip-shaped, with a
length along the strike direction of about 2000 m, and width along the normal direction of
about 300 m. The lithology changes little along the strike direction of the ore body. Because
of this geometry, the strata movement can be simplified to a 2D plane strain problem along
the strike direction of the orebody. In particular, the discrete element software package
UDEC (4.0 version, ITASCA Consulting Group, Minneapolis, MN, USA) has achieved good
results in geotechnical engineering applications in recent years [40,41]. The orebody in the
study area is essentially ‘strip-shaped’, with little change in lithology. This means that the
rock masses can be treated as a simple 2D plane strain problem. Hence, a 2D numerical
UDEC method is used in this study.

3.2. Modeling and In Situ Stress Field

Figure 6 shows the numerical model established using UDEC (which is based on the
geological profile shown in Figure 2, i.e., that appropriate to exploration line no. 4). As can
be seen, the model is 1700 m long and 650 m wide. The model aims to accurately reproduce
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the behavior of the hornstone, diorite, marble, granite, and orebody in the region. The
boundary conditions of the model are as follows: the top surface is free, and the velocity
of the bottom face is confined in the x- and z-directions. The velocity on two sides of the
numerical model is confined in the x-direction.

Figure 6. UDEC numerical model corresponding to the geological profile along line no. 4 (green lines
denote discontinuities; blue lines denote the interfaces between different rock masses; red rectangles
denote the partial enlarged detail of Voronoi blocks).

To ensure a stable response from the computational model, a modified FISH function
“ZONK.fis” is utilized. More specifically, “ZONK.fis” can detect the interior boundaries
of the excavation and gradually release the forces thereon. The release factor R is the key
parameter that controls this process and ranges from 0 to 1. An R value of 0.2 is chosen
herein, indicating that there are five relaxation stages and 20% of the force applied to an
excavation boundary is released in each one. This function in UDEC is mainly applied
to the excavation of underground spaces. Considering the complexity of the mined-out
area, an advance of the working face of 20 m is regarded as a mining step. In this paper,
the mining of the orebody in the −150 to −480 m levels is simplified into 86 steps. Table 2
illustrates a relationship between excavation steps and mining levels in the numerical
model. As shown in Table 2, mining the −150 m level orebody corresponds to the first step
in the numerical simulation; mining the −232 m level orebody corresponds to the eleventh
to fifteenth steps in the numerical simulation, etc.

The granite in the numerical model features two main sets of discontinuities: one that
is of high persistence and steeply dipping and one that is of medium persistence and gently
dipping. The fissures in the marble are highly developed and it is difficult to describe the
distribution characteristics of the discontinuities. Therefore, Voronoi blocks are utilized
in the UDEC model to account for the irregular nature of the discontinuities. The specific
geometric parameters and distributions of the discontinuities in the model are listed in
Table 3.

The Chengchao Iron Mine has suffered from intensive tectonic movement, and the in
situ stress test results can be summarized as follows:

1. The direction of the maximum principal stress σ1 in the mining area is consistent
with the strike of the orebody (N 85◦ to 75◦ W). The measured value of σ1 is 1.1704 to
1.6296 γz, with a mean average value of 1.274 γz (where γ and z are the unit weight
of rock mass and the depth below ground surface).
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2. The direction of the intermediate principal stress σ2 is found to be perpendicular to
the strike of the orebody. In the deep parts, the intermediate principal stress is close
to the vertical stress caused by the effect of gravity on the rock masses.

3. The direction of the minimum principal stress σ3 is found to be perpendicular to
the strike of the orebody. The measured value of σ3 is 0.59 to 0.926 γz, with a mean
average value of 0.758 γz.

Table 2. Relationship between excavation steps and mining levels in the numerical model.

Levels
(m)

Corresponding Steps in the Numerical Model

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

150 *

160 *

171.5 *

183 *

194.5 *

206 * *

218 * * *

232 * * * * *

246 * * * *

— 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

246 *

260 * * * * *

274 * * * * *

288 * * * * *

302 * * *

— 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57

302 * *

316 * * * * *

330 * * * * *

344 * * * * * *

358 *

— 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76

358 * * *

375.5 * * * * * *

393 * * * * *

410.5 * * * * *

— 77 78 79 80 81 82 83 84 85 86

428 * * *

445.5 * * * *

463 * *

480 *

Note: * denotes the mining step in the numerical simulation.

Table 3. Geometric parameters and distributions of the discontinuities.

Lithology
Density
(kg/m3)

Deformation Modulus
(GPa)

Poisson’s Ratio
(GPa)

Cohesion
(MPa)

Tensile Strength
(MPa)

Friction Angle
(◦)

Dilation Angle
(◦)

Granite 2600.00 16.09 0.22 0.80 0.16 30.20 0
Marble 2700.00 12.05 0.28 0.30 0.10 27.00 0

Hornstone 2600.00 22.50 0.25 1.84 0.18 31.80 0
Diorite 2630.00 25.31 0.26 0.80 0.16 31.00 0

Ore body 3923.00 22.41 0.21 2.48 0.25 38.10 0

Note: MV represents mean value; MRD the maximum random deviation from the mean.
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In the numerical model (Figure 6), the x-axis corresponds to the strike direction of the
No. 4 exploration line, the y-axis is perpendicular to exploration line No. 4, and the z-axis
points vertically upwards. A modified FISH function ‘Stress.field’ is used in this paper.
This function in UDEC is mainly applied to apply stress to each zone. The in situ stress
field in the numerical model therefore takes the following form:

σx= kxγz (1)

σy= kyγz (2)

σz= γz (3)

where kx and ky are the horizontal pressure coefficients along the x- and y-directions,
respectively. The actual values of kx and ky are 1.0 and 1.4, respectively.

3.3. Calibration of the Rock Mass Parameters

The Mohr–Coulomb constitutive model was adopted to describe the mechanical
behavior of the rock masses. The presence of joints changes the mechanical parameters
of rock massed and intact rock. Based on many laboratory tests on small specimens
(50 mm × 100 mm), the mechanical parameters of the intact rock were determined. The
mechanical parameters of the rock mass could be calculated using the Hoek–Brown failure
criterion [42,43]. More specifically, the value of GSI, the Hoek–Brown constant (mi), and the
disturbance factor of the rock mass (D) were determined based on geological investigations
and excavation characteristics. Then, the cohesion and friction angle of the rock mass were
obtained by fitting the non-linear Hoek–Brown strength parameters using RocLab software
(1.010 version, Rocscience, Toronto, ON, Canada). Finally, the mechanical parameters of
rock mass were determined in Table 4.

Table 4. Mechanical parameters of the rock masses.

Lithology
Density
(kg/m3)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Cohesion
(MPa)

Tensile Strength
(MPa)

Friction Angle
(◦)

Dilation Angle
(◦)

Granite 2600.00 8.38 6.82 0.80 0.16 30.20 0
Marble 2700.00 8.45 4.36 0.30 0.10 27.00 0

Hornstone 2600.00 15.00 9.00 1.84 0.18 31.80 0
Diorite 2630.00 18.00 10.00 0.80 0.16 31.00 0

Ore body 3923.00 12.90 9.26 2.48 0.25 38.10 0

A Coulomb slip model incorporating residual strength was used for the discontinuities.
The strength parameters of the discontinuities were determined by laboratory testing.
Compared to the strength parameters, it is difficult to determine the normal stiffness (kn)
and shear stiffness (ks) of the discontinuities. Although UDEC does provide expressions to
calculate the values of kn and ks,

kn= m

K+
(

4
3

)
·G

∆zmin

, 1 ≤ m ≤ 10 (4)

ks= kn

(
G
E

)
(5)

these parameters have been found to adopt a large range of values.
The monitoring data pertaining to the ground–surface displacement are used to

conduct back-analysis to derive more reliable values for the stiffness parameters in this
paper. More specifically, monitoring points A31 and C03 are located near the east main
shaft (Figure 1), and their locations could be found in the UDEC model. The cumulative
horizontal deformation of monitoring points A31 and C03 from March 2012 to March 2017
was 397.77 cm and 119.23 cm, and it corresponds to the excavation stage from −393.0 m to
−410.0 m levels in the numerical model. By referring to Equations (4) and (5), many back-
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analysis calculations were performed to simulate the mining of −393.0 m to −410.0 m levels
in the numerical model. When the stiffness parameters of discontinuities listed in Table 5
were specified, the error rates of measuring points A31 and C03 between the calculated
horizontal displacement and the measured horizontal displacement from March 2012 to
March 2017 were minimal (Table 6); therefore, the stiffness parameters of discontinuities
listed in Table 5 were used herein.

Table 5. Mechanical parameters of the discontinuities.

No. Discontinuity Type
Normal

Stiffness
(GPa/m)

Shear
Stiffness
(GPa/m)

Friction
Angle

(◦)

Cohesion
(MPa)

Tensile
Strength

(MPa)

Residual
Cohesion

(MPa)

I Rock interface 10.0 5.1 30 0.2 0.1 0.1
II Rock discontinuity 24.0 12.4 30 0.4 0.1 0.2

Note: Rock interface denotes the interface between different rock masses; rock discontinuity represents a disconti-
nuity in the rock mass.

Table 6. Back analysis of the calculated and in situ monitored horizontal deformations.

Monitoring Point Horizontal Deformation (March 2012 to March 2017)
Error (cm) Percentage Error (%)

Calculated Value (cm) Monitored Value (cm)

A31 360.78 397.77 36.99 9.30
C03 102.34 119.23 16.89 14.2

The Voronoi approach was used to calibrate marble, and the mechanical properties
of marble were determined by many Voronoi blocks. In the Voronoi approach, an elastic
model is used to describe the mechanical behavior of the Voronoi blocks, and a Coulomb
slip model is adopted to describe the contact between them. Thus, the microparameters of
Voronoi blocks are composed of block properties and contact properties (Table 7). More
specifically, the deformation behavior of each Voronoi block is controlled by the bulk
moduli of the block, its shear moduli, and the normal and shear stiffnesses of the contact.
Rock failure is controlled by the occurrence of contact failure. Shear or tensile failure can
occur if the shear or tensile stress exceeds the contact strength. Thus, the strength of rock
mass is controlled by cohesion, friction angle, and tensile strength of the contacts.

Table 7. Microparameters used in the UDEC Voronoi model used to describe the marble.

Voronoi
Block Size

(m)

Block Properties Contact Properties

Unit
Weight
(kN/m3)

Bulk
Moduli
(GPa)

Shear
Moduli
(GPa)

Normal
Stiffness
(GPa/m)

Shear
Stiffness
(GPa/m)

Friction
Angle

(◦)

Cohesion
(MPa)

Tensile
Strength

(MPa)

5 27.0 8.45 4.36 14.30 5.58 27.20 0.38 0.08

The process of calibrating microparameters is illustrated in Figure 7. As shown in
Figure 7, the first step is to establish calibration model of direct tensile tests and compression
tests. Figure 8a,c illustrates models of the compression test and tensile test. To reduce
boundary effects, the dimensions of the test samples used should be at least 10 times the
size of the Voronoi block. Thus, rectangular test samples measuring 50 m × 100 m were
adopted in this work (as the average size of Voronoi block is 5 m). Secondly, a typical
value of each microparameter was assigned to the test samples. Then, a series of numerical
tests in compression and direct tension were conducted iteratively until the simulated test
results were consistent with the macroparameters of the marble, as listed in Table 4 [44].
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Figure 7. Flowchart summarizing the method of calibrating microparameters.

Figure 8. Calibration of the UDEC Voronoi model. (a) Compression test model; (b) axial stress–strain
curves obtained from unconfined and confined compression tests (i.e., using confining pressures of 0,
0.5, 1.0, and 2.0 MPa); (c) tensile test model; and (d) the results of a direct tensile test showing the
stress–strain curve obtained.
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More specifically, the deformation moduli and shear stiffness of the block contacts were
obtained by conducting a series of unconfined compression tests. As for the friction angle
and cohesion of the contacts, they can be determined by conducting a series of confined
compression tests. Based on a series of confined compression tests in Figure 8a, the strength
envelope can be obtained from a regression analysis of the compressive strength for the
various confining pressures. On this basis, the friction angle (ϕ) and cohesion of the contacts
can be obtained from the gradient (m) and vertical intercept (b) of the strength envelope
curve with reference to Equations (6) and (7) [45]:

ϕ = arcsin
(

m − 1
m + 1

)
(6)

c = b
(

1 − sin ϕ

2 cos ϕ

)
(7)

The tensile strength of the contacts could also be acquired by a series of tensile tests
in Figure 8c. The final deformation and strength characteristics obtained are shown in
Figure 8b,d. Finally, the most appropriate microparameters for the blocks and contacts in
the UDEC Voronoi model were calibrated (Table 7).

4. Results

When metal mines are mined using sublevel caving, the strata do not move very much
in the early mining stages. As the orebody is continuously mined, however, the overlying
strata continuously fall, and collapse pits are formed on the ground surface. It was also
found that there is an obvious difference in the movement of the strata before and after
the formation of the collapse pits. The formation of a collapse pit leads to stress release,
and this accelerates the rate at which the strata move. The calculation results suggest that
the movement of the strata in the footwall in the eastern part of the Chengchao Iron Mine
can be divided into two stages. These are referred to as the arch caving development stage
(ACDS) and post arch caving development stage (PACDS). The latter stage, PACDS, can be
further subdivided into a flexural-toppling stage and deep rock mass failure stage.

4.1. Arch Caving Development Stage

The orebody in the eastern area of the Chengchao Iron Mine is ‘olive-shaped’ (i.e., narrow
at both ends and wide in the middle). This means that the mined-out area formed in the
initial mining stage is mainly located below the marble (see Figure 2). The disturbance
caused by mining leads to the redistribution of the stress in the surrounding rock, and
hence displacement. This induces the arch of the overlying strata to cave towards the
mined-out area.

Figure 9 illustrates the caving process that occurs in the marble. In these Figures, the
blue lines denote shear failure, and the red lines denote tensile failure. After the −150 m
level is mined, the overlying strata in the mined-out area suffer ‘arch-shaped’ damage.
More specifically, shear failure mainly occurs at the feet of the arch and tensile failure
mainly occurs at its vault (Figure 9a). Although these areas are damaged (to different
degrees), the overlying stratum remains stable, as a complete failure surface is not formed.
The damage in the overlying stratum continues to expand further as the mined-out area
continues to increase. When the −160 m level is completely mined, the marble starts to
cave as a complete failure surface is formed between the vault and arch feet (Figure 9b). As
the mining depth deepens, the overlying stratum caves several times. Caving occurs as
the −171.5, −194.5, and −206 m levels are mined (Figure 9c,e,f), and the failure process
follows the same pattern that occurred previously. The arch caving process gradually
migrates to the ground surface so that a collapse pit is formed after the −218 m level is
mined (Figure 9g).
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Figure 9. Cont.
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Figure 9. The seven stages shown correspond to depths of: (a) −150 m, (b) −160 m, (c) −171.5 m,
(d) −183 m, (e) −194.5 m, (f) −206 m, and (g) −218 m. Red lines denote tensile failure; blue lines
denote shear failure.

Figure 10 can be obtained using FISH function for the calculation results. Figure 10
presents a graph of the volume of the caved rock generated as the mining activity moves to
progressively deeper levels (the thickness is taken as 1). As can be seen, the caving volume
changes dynamically as the mining progresses. In fact, the caving process can be observed
following three stages: slow caving, stable caving, and rapid caving. In other words, the
caving process has a pattern that can be described as ‘caving–stability–caving’.

Figure 10. Plot of the caving volume of the overlying marble as a function of excavation level.

In the slow caving stage (−150 to −171.5 m levels), the overlying strata experi-
ence caving on a small scale, and so the caving volume is small. In the steady stage
(−171.5 to −183 m levels), although there are a few individual unstable rock masses ex-
periencing caving towards the mined-out area, the overlying rock mass does not exhibit
instability overall. The caving volume is close to constant at this stage. As the mining depth
increases, the disturbance caused by the mining activity continues to lead to instability
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in the overlying strata, and then caving occurs again. In the rapid caving stage (−194.5
to −206 m levels), the overlying stratum experiences large-scale caving. The caving arch
expands rapidly towards the ground surface and eventually forms a collapse pit.

The caving process outlined above is supported by the in situ monitoring data.
Figure 11a illustrates the distributions of the ground surface collapse pits in the eastern
area of the Chengchao Iron Mine at different times. In the 1990s (when the −218 m level
was being mined), the ground surface collapse pits marked with blue lines in Figure 11a
were discovered near exploration line no. 4. The range of the collapse pits subsequently
continued to increase, leading to the present situation shown in Figure 11b.

Figure 11. (a) Distribution of the ground surface collapse pits in the eastern area of the Chengchao Iron
Mine at different mining stages (numbers near the exploratory lines are the names of the geological
profiles); (b) photograph of the collapsed ground (taken on 26 August 2021).

4.2. Post Arch Caving Development Stage
4.2.1. Flexural-Toppling Stage

There are two groups of developed discontinuities in the footwall. Among these, those
that are steeply dipping and have an orientation of 74◦∠82◦ are the most developed. When
a collapse pit is formed, a free face is generated in the footwall, at which deformation and
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flexural toppling can occur. Figure 12 illustrates the plastic failure zones and displacement
vectors in the footwall when the −232, −288, and −358 m levels are mined, respectively.

Figure 12. Plastic failure zones and displacement vector diagrams for the footwall at different
excavation levels. The three stages shown correspond to depths of: (a) −232 m, (b) −288 m, and
(c) −358 m.
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After the −232 m level is mined, the displacement of the ground surface is mainly
in the horizontal direction and points towards the collapse area (Figure 12a). The stratal
displacement exhibits obvious layering; more specifically, the displacement of the shallow
strata is greater than that of the deep strata. Flexural-toppling deformation is observed in
the footwall near the collapse area. Continued mining activity leads to further stress release
in the footwall. This extends the flexural-toppling deformation further and to deeper
regions (Figure 12b). After the −358 m level is mined, the area of plastic failure is not
obvious in the deep rock masses, though the flexural-toppling deformation has extended to
the east main shaft. More specifically, the failure surface is discontinuous. In other words,
a through-going failure surface is not produced in the footwall (Figure 12c). This may be
because the caved rock mass (or mining waste) provides a certain amount of support to the
footwall rock mass, thus limiting the occurrence of flexural-toppling failure [46]. Although
a shear failure zone is observed around the mined-out area, it is not very well-developed.

The above results can be confirmed by carrying out on-site investigations of the
surface cracks in the area and examining the GPS monitoring data. Figure 13c illustrates
the distribution of major cracks in the area near the east main shaft. Four groups of major
tension cracks were visible in the area in 2012. The crack shown in Figure 13a, which is
140 m long and 2 m wide, is the most developed. Unsurprisingly, these tension cracks
constitute a serious threat to the safe production of ore from the mine. The GPS data shown
in Figure 14 make it clear that the horizontal displacement is much larger than the vertical
displacement near the east main shaft. This can, to a certain extent, be seen as a sign that
flexural-toppling deformation is taking place.

Figure 13. Cont.
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Figure 13. (a) Major crack at the east main shaft, (b) major crack near the east main shaft,
(c) distribution of cracks in the area near the east main shaft, (d) major crack near the flood-control
dam, and (e) major crack near the west ventilating shaft.

Figure 14. Plots of the HD/VD ratio as a function of time at various GPS monitoring points (HD
stands for horizontal displacement; VD stands for vertical displacement).

4.2.2. Deep Rock Mass Failure Stage

Based on the above analysis, it is obvious that flexural-toppling deformation took place
during the mining of the −218 to −358 m levels. Figure 15 illustrates the daily change in the
displacement of certain representative monitoring points plotted as a function of time (HDR
refers to the horizontal displacement rate and VDR refers to the vertical displacement rate).

The displacements of monitoring points E05, S60, and A53 first started to accelerate in
2009, which can be regarded as marking the beginning of the flexural-toppling deformation
process. It is worth noting that the above monitoring points also underwent a second
period of acceleration in 2017, when the ground surface deformation was in a rapid stage
of growth. The occurrence of this second acceleration stage may imply that there is some
special feature of the failure mechanism acting in the footwall at this point. If so, the
calculation results may be able to clarify the reason for this phenomenon.
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Figure 15. Graphs showing the rate of change of displacement as a function of time at repre-
sentative monitoring points (HDR denotes the horizontal displacement rate; VDR the vertical
displacement rate).

Figure 16 illustrates the plastic failure zones in the footwall when the −375.5, −393,
and −410.5 m levels were mined. The caved waste rock exerts a supporting effect on the
footwall rock mass, but this effect is weakened as the caved rock flows into the newly
mined-out levels. After the −375.5 m level is mined, the flexural-toppling failure of the
footwall rock mass is further intensified, and a flexural-toppling failure surface is formed
in the deep rock mass (red line in Figure 16a). At the same time, a shear-slip failure surface
is formed adjacent to the mined-out area due to the stress concentration formed by the
mining disturbance (blue line in Figure 16a). By the time the orebody in the −393 m level
has been excavated, the flexural-toppling and shear-slip failure surfaces can be seen to
have expanded further, as shown in Figure 16b. One interesting observation is that a
compression and slipping-toppling failure surface is formed between the flexural-toppling
failure surface and shear-slip failure surface (cyan line in Figure 16; further details of
this surface are given later). Under the continued disturbance caused by mining, the
compression and slipping-toppling failure surface develops further and eventually forms a
through-going failure surface (Figure 16c).

Two monitoring points have been established on each side of the through-going failure
surface to monitor the velocity thereof. As shown in Figure 16c, monitoring point A is
located between the collapse pit and the through-going failure surface, and monitoring
point B is located outside the through-going failure surface. Figure 17 illustrates the velocity
of monitoring points A and B as a function of the increasing number of simulation steps.
As shown in Figure 17, a slow increase in velocity can be observed at monitoring point
B. This means that the area outside the through-going failure surface is less affected by
mining disturbance. Compared to monitoring point B, there are three important inflection
points, Av1, Av2, and Av3, on the velocity curve of monitoring point A. These are observed
after 500,000, 1,750,000, and 3,700,000 steps of the numerical calculation, which correspond
to mining of the −218 m, −288 m, and −410.5 m levels, respectively.

More specifically, stage I corresponds to the arch caving development stage. The values
of velocity are very small at this stage. The inflection point Av1 is caused by stress release
due to overlying strata caving to the surface. Stage II corresponds to the flexural-toppling
stage. The velocity increases slowly and approximately linearly. Continuous deformation
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mainly occurs at this stage, and the rock mass is stable. Stage III corresponds to the failure
of the deep rock mass. The velocity increases faster, which means that the rock mass is in
its transition from the stable to unstable stages. Under the continued disturbance caused
by mining, the velocity suddenly increases after Av3. This means the through-going failure
surface is eventually formed, and the rock mass is unstable after mining the −410.5 m level.

Figure 16. Plastic failure zones in the footwall corresponding to different excavation levels. The three
stages shown correspond to depths of: (a) −375.5 m, (b) −393 m, and (c) −410.5 m. Red lines denote
the flexural-toppling failure surface; cyan lines denote the compression and slipping-toppling failure
surface; and blue lines denote the shear-slipping failure surface.
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Figure 17. Graphs showing the velocity of monitoring points A and B as a function of
simulation steps.

The industrial use of the east main shaft was eventually abandoned because of the
through-going crack in the ground surface (Figure 13a). Due to a shortage of land resources
in the mining area, the through-going crack was backfilled, and the east main shaft was
again used in 2017. The through-going crack again became exposed to the surface at
some point in 2020. Damage was then caused to buildings and facilities on the ground
surface. The zone between the collapse pit and through-going failure surface is called the
‘failure zone’, and the parts of the footwall that remain undisturbed form the ‘stable zone’.
Monitoring points were set up on both sides of the through-going crack in May 2021 in order
to monitor the deformation of the crack. The results show that the through-going crack is
currently expanding at a rate of about 2 cm per month (Figure 18). Thus, the existence of
the through-going failure surface allows the rock mass in the failure zone to move towards
the mined-out area at a much faster rate than the rock mass in the stable zone.

Figure 18. Graphs showing the crack deformation rate as a function of time.
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5. Discussion

The footwall can be divided into a stable zone, flexural-toppling failure zone (FTFZ),
shear-slipping failure zone (SSFZ), and compression and slipping-toppling failure zone
(CSTFZ) according to the failure mechanism operating (Figure 19a). The details are
as follows:

1. The FTFZ is located above the flexural-toppling failure surface, which corresponds to
the red area in Figure 19a. The formation of the collapse pit causes stress to be released
and provides a free surface for the strata to move in the footwall [47]. The existence
of highly dipping discontinuities and tectonic stress further induces the occurrence
of flexural-toppling deformation. Initially, the flexural-toppling failure surface is not
obvious, due to the support provided to the footwall by the caved waste rock. The
enlargement of the mined-out area allows the caved waste rock to continuously flow
into these areas, which reduces the support it provides to the footwall. Finally, the
flexural-toppling failure surface is formed in the deep rock mass after the −373 m
level is mined out.

2. The SSFZ is located above the shear-slip failure surface (blue area in Figure 19a). The
SSFZ is formed by the concentration of stress due to mining, its existence inducing
the rock mass to slide towards the mined-out area. Svartsjaern et al. [48] observed a
similar phenomenon in the Kiirunavaara Iron Mine in Sweden. In the early mining
stages, the stress concentration has a less obvious effect because the mining depth is
shallow and the mined-out area is relatively small. As the mining depth increases, an
obvious shear-slip failure surface is formed near the mined-out area in the footwall
(by the time the −375.5 m level is mined).

3. The CSTFZ is located above the compression and slipping-toppling failure surface
(the cyan area in Figure 19a). The formation of this zone is controlled by the FTFZ and
SSFZ. The rock mass in this zone is subjected to compressive forces from the rock mass
in the FTFZ. The SSFZ induces it to slip towards the mined-out area. Mining activity
further induces the formation of a compression and slipping-toppling failure surface.
After mining the −410 m level, the CSTFZ develops further to form a through-going
failure surface.

4. The stable zone is outside the through-going failure surface (black area in Figure 19a).
As the rock mass in the stable zone is relatively far away from the mined-out area, it
is less affected by the mining activity. The through-going failure surface marks the
interface between the failure and stable zones. Once the through-going failure surface
is formed, the ground surface in the failure zone undergoes a rapid increase in its
rate of deformation, and serious damage is caused to the buildings and facilities on
the surface (Figure 19b,c). Although microcracks may be observed in the buildings
and facilities on the ground surface, the movement of the strata is generally not
obvious [49,50]. Mining is a dynamic process, and the rock masses near the through-
going failure surface that are currently in the stable zone may be absorbed into the
failure zone in the future.
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Figure 19. (a) Schematic diagram showing the different zones in the rock mass of the footwall.
(b) Damaged buildings and facilities near the east main shaft. (c) The through-going crack in the east
main shaft.

6. Conclusions

By analyzing the deformation failure occurring when extracting minerals by under-
ground mining, the following conclusions could be drawn:

1. The movement of the strata in the footwall in the eastern area of the Chengchao
Iron Mine seems to occur in different stages. Depending on whether the overlying
strata have caved to the ground surface or not, the movement of the footwall strata
can be divided into two stages called ACDS and PACDS. The PACDS can be further
subdivided into a flexural-toppling stage and deep rock mass failure stage according
to the failure mechanism operating.

2. In the ACDS, ‘arch-shaped’ caving occurs due to the nearby mining activity which
leads to a redistribution of the stress in the overburden. Shear failure occurs in the
feet of the arch, and tension failure occurs in the vault thereof. The caving process
can be divided into three consecutive stages involving slow caving, stable caving, and
then rapid caving.

3. In the PACDS, the strata undergo flexural-toppling deformation in the direction
of the collapse pit driven by the tectonic stress and presence of steeply dipping
discontinuities. The flexural-toppling failure of the rock mass intensifies as the mining
activity continues. A flexural-toppling failure surface is formed after the −375.5 m
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level is mined out. As the mining activity moves to greater depths, the compression
and slipping-toppling failure surface develops further, eventually forming a through-
going failure surface. Based on the different failure mechanisms, the footwall can be
divided into four zones: a stable zone, flexural-toppling failure zone, compression
and slipping-toppling failure zone, and shear-slipping failure zone.

4. The through-going failure surface forms the interface between the failure zone and
stable zone. The failure surface is exposed on the ground surface in the form of a well-
developed macroscopic crack. After the through-going failure surface is formed, the
ground surface in the failure zone undergoes a rapid increase in its rate of deformation.
When this occurs, serious damage may be suffered by the buildings and facilities on
the ground surface.
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15. Marschalko, M.; Bednárik, M.; Yilmaz, I.; Bouchal, T.; Kubečka, K. Evaluation of subsidence due to underground coal mining: An
example from the Czech Republic. Bull. Eng. Geol. Environ. 2012, 71, 105–111. [CrossRef]

16. Hoek, E. Progressive caving induced by mining an inclined orebody. Trans. Inst. Min. Metall. Sect. A Min. Technol. 1974,
83, A133–A139.

17. Brown, E.T.; Ferguson, G.A. Prediction of progressive hanging-wall caving, Gaths mine, Rhodesia. Trans. Inst. Min. Metall. Sect. A
Min. Technol. 1979, 88, A92–A105.

18. Lupo, J.F. Evaluation of Deformations Resulting from Mass Mining of an Inclined Orebody. Ph.D. Thesis, Colorado School of
Mines, Denver, CO, USA, 1996.

19. Lupo, J.F. Progressive failure of hanging wall and footwall Kiirunavaara Mine, Sweden. Int. J. Rock Mech. Min. Sci. 1997,
34, 184.e1–186.e11. [CrossRef]

20. Baryakh, A.A.; Tennyson, L.O.; Samodelkina, N.A. Assessment of horizontal deformations in undermined areas. Min. Inf. Anal.
Bull. 2021, 11, 5–18. [CrossRef]

21. Baryakh, A.A.; Fedoseev, A.K.; Lobanov, S.Y.; Matveenko, V.P.; Plekhov, O.A. Deformations and fracture of rock strata during
deep level potash mining. In Proceedings of the 22nd Winter School on Continuous Media Mechanics, Moscow, Russia, 22–26
March 2021.

22. Baryakh, A.A.; Samoldekina, N.A. Geomechanical estimation of deformation intensity above the flooded potash mine. J. Min. Sci.
2018, 53, 630–642. [CrossRef]
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