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Abstract: Goaf restoration is an important part of urban space management. With mining of coal
resources, appearance of goaf and subsidence areas causes serious geological disasters and en-
vironmental and ecological problems, which significantly affect urban safety, development, and
construction. Therefore, repair of goafs is crucial. In this study, the goaf of Jingmen Garden Expo
Park was taken as an example. Through acquisition of engineering geological condition parameters
and data on the goaf combined with the mechanical parameters selected for the site, the deformation
mechanism of the overlying strata of the goaf was analyzed, and a numerical model of the goaf was
established. On this basis, FLAC(3D) was used for numerical simulation to evaluate the stability
of the goaf; the suitability of the site was evaluated and divided, and the ecological restoration
model of the goaf in Jingmen Garden Expo Park was studied. The results showed that different
degrees of ecological restoration and construction of various facilities and buildings could be carried
out in the goaf. Based on the varying degrees of stability in the goaf, an appropriate restoration
path is suggested according to the suitability of these different degrees. The green, innovative, and
sustainable restoration design of the goaf can be carried out according to these restoration paths in
order to establish a green ecological system in Jingmen Garden Expo Park.

Keywords: goaf; stability of overlying rock; numerical simulation; suitability evaluation; ecological
restoration design

1. Introduction

In China, goaf restoration is an important component of urban construction [1]. Urban
studies statistics show that 55% of the world’s population lives in cities, and the urban
population is expected to grow by more than 15% by 2050 [2]. Due to the rapid development
of spatial urbanization and expansion of the urban population, most cities face the challenge
of unsustainable development caused by depletion of surrounding natural resources and
waste discharge [3].

By 2022, China’s mine development will cover 2,907,200 hectares, of which abandoned
mines account for 30.35%, and only 4.64% of the mining area has been restored and
treated [4]. Over-exploitation of mineral resources has greatly affected ecology and human
settlement [5]. Traditional mining area governance mostly focuses on ecological and
environmental engineering governance, limited to greening and land reclamation, and
ignores the multiple interactions between the environment and society [6]. Faced with the
dilemma of the high cost of engineering management and low comprehensive benefits,
many abandoned mining areas lack management. Underground mining methods for
mineral resources can generally be divided into the empty field method, caving method,
and filling method, all of which use back mining to naturally form a goaf. A large number
of goafs will destroy the equilibrium state of the original rock stress and form a secondary
stress field, which affects the mining conditions of the underground ore body (the ore
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pillar is destroyed by compression and deformation) and causes roadway maintenance to
become increasingly difficult [7]. Roof instability in the goaf, movement and deformation
of the rock formation, and subsidence of the ground can lead to serious casualties, damage,
and waste of resources [8]. As the scale of the mining of mineral resources is expanding,
geological hazards caused by goafs are also increasing, which has a serious impact on the
stability of mining areas [9]. The stability of a goaf directly affects personal and equipment
safety during the mining process. Therefore, goafs have become one of the major hidden
dangers affecting the safety of mine production [10].

The earliest regeneration of abandoned mining sites in China began in the late Qing
Dynasty, and, from the 1950s to the 1990s, regeneration of mining sites was mainly based
on agricultural reclamation. Since the beginning of the 21st century, the concept of envi-
ronmental governance has gradually changed [11], and the artistic method of design has
become an important means in mining regeneration [12]. Construction of national mine
parks started in 2006, and, as of this year, there are 87 [13]. Before the 1970s, governance
of abandoned mining areas in many countries, such as those of Europe and the United
States, mainly focused on land reclamation projects and technologies [14]. In the 1970s,
land art intervened in regeneration of mining areas. Several important collective art ex-
hibitions in the United States have recorded attempts and explorations of artists in the
field of land art, providing new perspectives and methods for regeneration of abandoned
mining areas. Since the 1990s, regeneration of mining areas in Germany has been the most
representative, among which the Nord Duisburg Park planned by IBA has become a model
for transformation [15,16]. After entering the 21st century, the rise and development of eco-
logical aesthetics, landscape urbanism, green infrastructure, and other theories promoted
development of abandoned mining areas in the direction of multiple regenerations [17].

Ecological restoration of mined-out areas based on the stability of the overlying rock
has been affected by high-intensity development and construction, unreasonable utilization,
and natural disasters for a long time, resulting in serious damage and degradation in
the mining ecosystem, ecological dysfunction, and reduced ecological product supply
capacity. Based on safety investigations, comprehensive measures, both engineering and
non-engineering, are taken to carry out ecological restoration, ecological improvement,
ecological reconstruction, ecological rehabilitation, and conscious activities in the goaf
ecosystem [18]. These are important means to achieve optimization of the spatial pattern
of the country, structural restoration of the ecosystem, and enhancement of ecological
functions [19]. Compared with traditional goaf repair, the most important feature of these
measures is that they improve the survey accuracy of the goaf. In addition to the traditional
geophysical technology method, the combination of geological radar and seismic imaging
methods provides more attention to integrity and regionality and promotes full repair
of damaged areas. Goafs are the product of the close interaction between nature and
the cultural driving force, and most of their constituent elements belong to the cultural
landscape [20]. If a reasonable restoration design is involved in the entire life cycle of an
abandoned mining area, it can promote mining of regional cultural and aesthetic values and
protection and utilization of industrial heritage and tourism resources, solve the dilemma
of traditional governance, and promote interconnection and synergy of various subsystems
in the abandoned mining area, driving the overall mining system to transition to a state
with a more orderly structure and function [21].

Researchers have invested a great deal of time into investigating the stability of goaf
slopes and have achieved good results; however, there are still no studies evaluating the
stability of the overlying rock and the site suitability of the goafs. In addition, there are
few studies on ecological restoration of coal mine goafs based on safety investigation and
evaluation. This study took the goaf of Jingmen City Garden Expo Park Coal Mine as
an example. Through interpretation of the current situation of the goaf in Jingmen City
Garden Expo Park, the engineering geological conditions of the goaf were surveyed and
the appropriate mechanical parameters for the site were selected. At the same time, a
theoretical analysis of the deformation mechanism and roof stability of the goaf was carried
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out, and a numerical model of movement deformation was established. In order to evaluate
the stability and suitability of the park, FLAC(3D) was used to simulate and analyze the
movement deformation values of the Jingmen Garden Expo Park goaf, investigate the
stability of its surrounding rocks, and study the stability of the goaf itself. The purpose of
this study was to produce an effective analysis of Jingmen Garden Expo Park’s stability
and evaluate the park’s safety. The findings of the study can help with both ecological
restoration and local residents’ safety.

2. Data and Methods
2.1. Study Area

The Jingmen Garden Expo Park project is located in the Shuangxi area of Zhanghe
New District, with a total land area of approximately 155 hectares; the location of the zone
is shown in Figure 1. The site was originally planned as a vegetable base in the eastern
suburbs, with a mass of residential houses scattered in the vicinity. Currently, the planning
area is for key public building projects in the Shuangxi area of Jingmen, shown in Figure 2.
Most of the surrounding roads and buildings have now been constructed.

SITE

31°00'06"N 112°10'50"E

Figure 2. The project site and surroundings of Jingmen Garden Expo Park.
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Exploration and use of coal mines in Jingmen City have greatly increased the local
economy. However, the enormous number of empty spaces left over from the early days
of coal mining has made planning and building urban redevelopment projects in the area
quite challenging. The coal mining within the area is old, and the transfer of mineral rights
is frequent, where more than 10 companies and individuals have visited the survey area
to carry out mining activities. Most were not recorded, while some were classified as
indiscriminate mining, as shown in Table 1. A lack of information on the distribution, scale,
and burial depth of the coal mining area among other limitations have resulted in hidden
danger and seriously restricted the planning, layout, and construction of the park site.

Table 1. Basic information about the mines in the survey area.

Design Annual Output

Name Time of Mine Construction /10,000 tons Shutdown Time
Jingmen Duodao Yinshan
Coal Mine Co. 2003 3 2011
Jingmen Duodao
Zhaochonggou Coal Mine 2003 3 2011
Yinshan Coal Mine, Duodao
Development Zone, Jingmen 1993 1 2002
City
Jingmen Duodao General
Branch Coal Mine 1992 05 1995
Labor and Employment
Office, Duodao Street Office 1998 0.2 2000
Yaoshan Coal Mine, Shuangxi
Service Company, Dongbao 1991 0.5 2000
District
Yinjiashan Coal Mine in
Shuangxi Village 1994 02 199

2.2. Data Acquisition
2.2.1. Engineering Geological Conditions of the Goaf in Garden Expo Park

The topography of the region is high in the north and low in the south, with significant
topographic differences between the two regions. The northwestern part of the territory
is occupied by the Jing Mountain Range, while the southeastern extension features low
mountainous and hilly terrain, where the mountainous terrain falls along the tectonic line.
As a result of uncontrolled coal mining, landfills, and municipal construction, historical
problems have become apparent. The site has undergone deterioration in water quality,
broken hills, and destroyed vegetation. There are currently many mine goafs within the
area, which were previously managed via the natural collapse method, with engineering
mining causing more serious damage to the surface vegetation. The mine ballast sites are
relatively large in scale and the majority of the closed mine shafts have now been buried
naturally and artificially, although a small number of shafts are used by residents as water
extraction points for farming and aquaculture. The surface features are no longer evident as
most of the ballast dumps have been converted into agricultural and forestry land; however,
the subsurface conditions of the mine goafs will directly affect construction in the site. By
employing engineering restoration and biological restoration, damage to mountains caused
by geological and geomorphological destruction and vegetation related to protection of
animal and plant diversity and water conservation can be restored [22]. Comprehensive
transformation and improvement can then be carried out to give full play to their economic
benefits and landscape value based on ensuring safety and ecological functions [23].

According to our drilling project, the lithology in the evaluation area is mainly charac-
terized by gravel-bearing silty clay, mudstone, silty mudstone, carbonaceous mudstone,
argillaceous siltstone, siltstone, fine-grained feldspar quartz sandstone, medium-fine-
grained sandstone, and medium-coarse-grained sandstone; essentially, it is composed
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of sandstone and conglomerate. According to the rock and soil type, rock and soil struc-
ture, and mechanical properties, the rock (including soil) at the site was divided into two
categories and five rock sub-types.

2.2.2. Selection of Physical and Mechanical Geotechnical Soil Parameters in the Garden
Expo Park Goaf

According to the mine geological survey report published by Yinshan Coal Mine, the
Code for investigation of geotechnical engineering in the coal mine goaf [24], combined
with the engineering geological analogy method, the values of the physical and mechanical
parameters of the soil mass and rock in the field were determined, as shown in Table 2.

Table 2. Recommended values for rock physical mechanical parameters.

. . , Natural Internal
Density Elastic Poisson’s Compressive Cohesion Friction
Source Lithology 3 Modulus Ratio
p (g/cm>) E (GPa) v Strength ¢ (KPa) Angle
(MPa) @ (°)
Engineering Mudstone 2.0-2.7 1.3-2.1 0.16-0.25 20-40
Geology Sandstone 2.2-3.0 2.78-5.4 0.05-0.2 47-180
Handbook Muddy
natural
Our data sandstone 2.6 1.35 0.123 445 2.16 40
(natural)
Silty
mudstone 2.55 2.6 0.204 34.8 2.06 39
(natural)
Strong-
moderately 255 13 0.12 40.0 21 40
Suggested weathered
value siltstone
Strong—
moderately 2.50 25 0.09 32.0 2.0 35
weathered
mudstone
Coal seam 2.50 0.92 0.08 12.2 1.7 28

2.3. Research Methods
2.3.1. Analysis of the Deformation Mechanism of the Mining Area of Garden Expo Park

Ground subsidence is the most direct manifestation of the deformation of an under-
ground goaf as it effectively releases in situ stress in the goaf; however, the caving, crushing,
and bending subsidence of the rock mass during the deformation process destroys the
integrity of the overlying rock [25]. The overlying strata in the goaf are mainly Jurassic
and Triassic argillaceous siltstone, silty mudstone, carbonaceous shale, and coal seam, with
poor overall rock cementation [26]. Cut-and-fall ground subsidence is a one-time rapid
deformation process. It usually forms a bottomless and inverted funnel-shaped subsidence
pit, and crisscross tensile cracks appear on the surface above the goaf. The occurrence
of deep pit subsidence establishes a hydraulic connection between rainfall and the goaf.
Rainwater will directly enter the goaf through the subsidence pit, aggravating the damage
to the mine pillars in the goaf around the subsidence pit and thereby affecting the stability
of the goaf.

According to the Code for investigation of geotechnical engineering in the coal mine
goaf [24], before excavation of the underground space, the rock mass in the stratum is in a
state of natural stress. To a large extent, this state can be considered as an ideal equilibrium
state without shear stress; that is, the principal stress is approximately equal, and both are
compressive stress. A small cubic rock block is arbitrarily taken from the rock body at a
large burial depth. At this time, the block is in a state of three-direction force, as shown
in Figure 3. The vertical stress o is formed by the pressure of the weight of the overlying
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rock, which causes the block to move and deform in three directions, namely vertical
compression and lateral expansion. However, due to the lateral limits of the adjacent rock
mass, its deformation can only be zero; thus, the lateral stresses oy and o, of the block are
formed. These processes are shown in Equations (1) and (2):

o, =7H 1)

ax:Uyzlfyazzlfy'yH 2)
where 1 is the average bulk density of the overlying rock; H is the thickness of the overlying
rock layer in the excavation space in the rock stratum; and y is Poisson’s ratio. For most
rocks, the u value is usually between 0.2 and 0.3; that is, the horizontal stress due to
self-weight in the stress state of the rock body is about 25% to 43% of the vertical stress,
and it is all compressive stress. Assuming that the block is in a plastic state, we obtain
0y =0y = 0z = yH. Usually, the underground rock mass is in an elastic-plastic state.

Y

Figure 3. Stress state in underground rock.

Due to the gravitational effect of the rock formation and the pressure formed by the
geological structure, the volume and shape of the rock change, as shown in Equation (3),
and the elastic energy accumulated by the compression of the rock volume is expressed as

_ (=214 )’y H? ®
! 6(1—p)E

The elastic energy gathered by the change in rock shape is shown in Equation (4),
where E is the elastic modulus and G is the shear elastic modulus:
(1—2p)y*H?

FXZW (4)

It can be seen from the above two equations that, with an increase in the depth of the
excavated stratum from the ground, the elastic energy accumulated by the rock strata in the
elastic state will increase with the square relationship. When this elastic energy is released
under certain conditions, it will cause movement and deformation of the rock mass. Due to
mining of underground minerals, excavation for underground engineering, and destruction
of aquifers, excavation spaces will be formed underground, which will redistribute the
original natural stress field in the stratum rock body to achieve a new equilibrium state.
At this time, a decompression zone is generated on the four walls of the excavation space,
the compressive stress inside the excavation space disappears, and the elastic energy
accumulated by the rock formation will be released, causing the rock to be crushed and
protrude into the excavation space. A decompression zone is generated at the bottom, and
the compressive stress is replaced by tensile stress, which causes damage to the surrounding
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rocks and movement and deformation of the stratum near the excavation space. Under the
action of its weight and the gravity of the overlying rock layer, the roof rock layer in the
upper part of the excavation space bends downward; human engineering activities on the
ground will also exacerbate this movement process. When the internal tensile stress of the
rock mass exceeds the rock strength limit, the roof layer is fractured, breaks, and collapses.
Above the band of rock formations where the rock has broken and collapsed, the hard rock
formation usually moves in the direction normal to the layer and along the layer in the
form of rock beams or cantilevers. The whole process of rock movement and deformation
includes rock caving, fractures, layer separation, fissures, sliding along the layer, bending,
and other failure forms. After this rock movement and deformation process reaches the
surface, a subsidence basin that is much larger than the underground excavation space is
usually formed, resulting in surface subsidence, tilt deformation, curvature deformation,
horizontal movement and deformation, etc. In addition, it may also cause discontinuous
deformation.

2.3.2. Theoretical Analysis of the Stability of the Goaf in Garden Expo Park and
Establishment of a Numerical Model

(1) Analysis of cavitation and fracture zone

After the mining of a project, caving zones, fault zones, and bending zones are easily
formed in the overlying rock under the action of gravity [27]. As a result, the internal
structure of the rock mass is damaged to varying degrees. Here, mainly based on the
empirical calculation formula for roof stability recommended in the Code for investigation
of geotechnical engineering in the coal mine goaf [24] and the Engineering Geology Hand-
book [28], the damage height of the overlying rock and the roof stability of the goaf were
calculated.

The comprehensive inclination of the coal seam in the evaluation area is 45° to 53°,
belonging to the inclined goaf (mineral seam), and the overlying rocks are mainly Tri-
assic, Jurassic, and argillaceous siltstone, which belong to the Cenozoic relatively soft—
extremely soft rock. According to the Code for investigation of geotechnical engineering
in the coal mine goaf [24] and the Engineering Geology Handbook [28], as shown in
Equations (5) and (6), the formulae for calculating the height of the caving zone and fissure
zone are as follows:

(@ Calculation of the height of the caving zone:

100X M

Hn = 17y M+ 10

+22 5)

@ Calculation of the height of the fissure zone:

100 M

Hy= ——2="
=16y M+36

+5.6 (6)

In the above equations, H, is the height of the caving zone, Hj; is the height of the
water-conducting fissure zone, and ) M is the cumulative mining thickness of the ore
seam (m).

(2) Analysis of the natural balance method

As shown in Figure 4, according to the Engineering Geology Handbook [28], after the
ore seam gives out, its roof block (ABCD) sinks due to the action of gravity (W), and the
wedges on both sides (ABM and CDM) also exert horizontal pressure (P) on it. Therefore, it
is acted on by the frictional resistance (f) generated by the action of P on both surfaces AB
and CD. As shown in Equation (7), taking the unit length of the roadway as the calculation
unit, the pressure acting on the roof of the roadway is expressed as follows:

Q=G-2f =H|B— Htg* (45"~ T} )
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Figure 4. Schematic diagram of goaf roof stability.

As shown in Equation (8), when H increases to a certain depth, the top rock layer is in
a natural balance (i.e., Q = 0), and the H value at this time is called the critical depth, Hy.

B
Hy =
tgptg? (45° — §)

In the above equations, Q is the pressure on the roof of the goaf section (kN/m); G
is the total stress on the rock strata on the roof per unit length of the roadway (kN/m); B
is the roadway width (m), taken as 10.0 m; ¢ is the internal friction angle (°) of the rock
formation, taken as 40°; f is the frictional resistance of the sidewall per unit length of the
roadway (kN/m); v is the severity of overburden (kN/ m3); and H is the burial depth of
the roadway roof (m). When H < H), the top plate is unstable; when Hy < H < 1.5 Hy, the
top plate has poor stability; and, when Hy > 1.5 H, the top plate is stable.

The calculation results are shown in Table 3. The critical thickness of the roof of the
goaf was calculated as 54.95 m.

®)

Table 3. Roof stability critical calculation.

Roadway Rock Mass Building Base Friction Angle in Issztlicli/}:z:ﬁ:l;:vfr Evaluation
Width Density Unit Pressure Rock B
asement
B ¥ Py @ Hy H < Hy, unstable
m kN/m3 KN °© m Hy < H < 1.5 Hy, poor stability
10.0 26.00 0.00 40.00 54.95 H < 1.5 Hj stable

The calculation results show that, when the thickness of the overlying rock layer in
the goaf is less than 54.95 m, the roof of the goaf is in an unstable state; when the thickness
of the overlying rock layer is less than 82.42 m (1.5 Hy), the roof is stable.

(3) Building a numerical model of moving deformation

The rock mass is not only a material but, more importantly, a geological structural
object [29]. It has heterogeneous, non-continuous, non-linear, and complex loading and
unloading conditions and boundary conditions; as such, rock mechanics problems usually
cannot be solved simply by analytical methods [30]. In contrast, numerical analysis methods
have wider applicability. They can not only simulate the complex mechanical and structural
characteristics of the rock mass but can also easily analyze various boundary value problems
and construction processes and forecast projects. Here, to better analyze the ground
deformation characteristics of the goaf and simplify the model, the goaf section left after a
coal line was mined was selected for static calculation to analyze the characteristics of the
stress ground deformation in the goaf of the coal mine.
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e Calculation range

In this numerical simulation analysis, a typical section (as shown in Figure 5) was
selected to analyze the stability of the goaf. To facilitate the simulation calculation, the
geological model of the profile was generalized. After the model was generalized, the size
of the section calculation model was 400 m x 1 m x 230 m, the mined height of the goaf
was 1.5 to 2 m, and the size of the model met the calculation accuracy requirements.

Elevation(m)
200

180

160

140

120

100

W - [208°728° f|740
340 320 300 280 2650 240 220 200 180 160 140 120 100 80 60 40 20

Lower Jurassic Bz Silty 7 Argillaceous
Legend 'lungzhuy‘uﬂn t‘ormatinn Mudstone Siltﬂmne E sieat E ol Seam

Figure 5. Generalized diagram of typical section model of goaf.

e Boundary conditions

Through the analysis and comparison of the geometric models and on the basis of
studying the geological model of the gypsum mine goaf, the geometric boundary conditions
were determined as follows: the bottom of the model was constrained by displacement in
the Z-direction, and the displacement in the Z-direction was fixed; the displacement in the
Y-direction was fixed; the displacement in the X-direction was fixed; and the other areas
were taken as free boundaries.

e  Constitutive model selection

The essence of the constitutive model is to describe the relationship between stress
and strain. For different materials, a constitutive model that conforms to their individual
characteristics should be used to better analyze the variation law of stress and strain. The
simulation results show that the Mohr-Coulomb Elastoplastic Model is a more applicable
constitutive model for the tension calculation of rock materials. It can be used in the
FLAC(3D) software to simulate various situations, including slope stability, underground
excavation, and seepage. Therefore, the Mohr-Coulomb constitutive model is more suitable
for calculation and analysis of the coal mine goaf model.

e Initial stress calculation

It is generally believed that the initial stress field is mainly generated by the self-weight
of the rock mass and the geological tectonic force. Some other influencing factors, such
as stress caused by temperature, are often ignored in underground cavern projects that
are buried at shallow depths and will not be affected by geothermal energy. Numerical
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simulations generally use limited in situ stress observations along with topographic and
geomorphological data, referring to the general law of in situ stress field distribution, and
perform regression fitting to obtain a more reasonable initial in situ stress field, which
is used as a reference for further analysis of the construction process of underground
engineering on the basis of rock stability. The goaf of the coal mine in Jingmen Garden
Expo Park is buried at a shallow depth; therefore, its initial stress is mainly generated by
the self-weight of the rock mass.

e Simulate and Solve

The calculation program to simulate mining was based on the stress distribution of the
previous calculation step according to the change in the overall stiffness of the structure,
and the mining release load was applied to solve the stress field after mining. In this
calculation, the goafs in the simulated mining step were excavated using the null command
at one time. After excavation, some key nodes and units could be tracked using the hist
command and then calculated.

2.3.3. Ecological Restoration Model of the Mined-Out Area of Jingmen Garden Expo Park

The ecological restoration of goafs can be divided into two types of areas and four
modes, including;:

(1) General restoration area: Most of these areas adopt a natural restoration mode or
artificial assistance mode [31]. The natural recovery mode mainly employs measures
such as setting up warning signs, tying galvanized barbed wire, planting fence thorns,
and setting up protective fences for enclosure, while the manual auxiliary mode
mainly adopts measures such as slope adjustment, waste gravel cleaning, topsoil
backfilling, and land leveling.

(2) Key restoration areas: In these areas, an engineering restoration mode or transforma-
tion utilization mode is generally adopted [32]. Backfilling, fencing, and landscaping
measures can be adopted for deep quarrying pits [33,34]. For mining land with a
gentle slope (slope less than 35°), measures such as laying grass blankets, planting
bags, foreign soil, laying three-dimensional nets, and laying geogrids can be adopted.
For slopes greater than 35° and less than 70°, soil bagging, spraying and mixing
plants, and retaining wall greening measures can be adopted. For slopes greater than
70°, floating board planting troughs, ecological concrete, construction of fish scale
pits and swallow nests, spraying slope protection, hanging net spraying, drilling and
climbing vines, greening, landscaping, and other measures can be utilized [35]. For
abandoned mines with a soil slope of more than 10 m and a rock slope of more than
20 m, slope-cutting and grading measures may be adopted if the surrounding land
allows.

3. Results

3.1. Analysis of the Calculation Results for the Stability of the Mined-Out Area of the Garden
Expo Park

3.1.1. Overlying Rock Stability Analysis

After calculation, the minimum and maximum thicknesses of the overlying rock mass
in the goaf due to the pressure of the surrounding rock caused by deformation and damage
(caving height + fault zone height) were 40.19 m and 48.33 m in the first key exploration
area, 36.45 m and 44.24 m in the second area, and 49.77 m and 57.57 m in the third area,
respectively. The detailed calculation results are shown in Table 4.
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Table 4. Calculation results for rock damage height.
C . . . . Layer . .
alculation Mining Seam Spacing Thickness Cumulative Caving Belt Fracture Zone
Part Horizon (m) (m) Thickness (m) Height (m) Height (m)
VII4 0.4
Key VII2 55.6 0.4
Exploration VI5 86.4 0.4 24 79+£22 3226 £5.6
Area 1l VI4 46.3 0.8
VI3 38.7 0.4
Key VI5 0.6
Exploration VI4 425 1.0 2.0 7.04+£22 2941 £5.6
Area 2 VI3 29.7 0.4
VII5 0.4
Key VII4 38.4 0.55
Exploration \\1711152 gzg 8? 3.85 10.36 £ 2.2 39.41 £5.6
Area3 Vi4 38.2 11
VI3 40.1 0.5

According to our survey, during mining of coal in the evaluation area, mining was
stopped in most of the coal seams when they were 15 to 25 m away from the ground.
Therefore, the outcrop line of the mineable coal seam does not meet the requirements of the
overlying rock mass in the goaf due to the surrounding rock pressure. The minimum thick-
ness and maximum thickness required to produce deformation and failure are insufficient,
and the stability of the overlying rock mass in the goaf is insufficient.

3.1.2. Numerical Simulation Analysis of Goaf Movement Deformation
(1) Section Displacement Stress Analysis

Figures 6 and 7 show the displacement vector diagram and displacement cloud map
of the goaf, respectively. After the coal seam was excavated, the direction of the overall
displacement vector in the calculated section was deflected towards the goaf to varying
degrees, which is in line with the deformation of the underground excavation of the
inclined coal seam law. The maximum displacement in the stratum was located at the
roof in the middle of the goaf, with a displacement of 4.797 cm, and the displacement
decreased gradually from the roof of the goaf to the surface. The surface displacement
and deformation were distributed on the left side of the coal line in the section. Starting
from the coal seam along the direction of goaf excavation, the surface displacement value
changed from small to large and then back to small, showing an asymmetric distribution,
and the surface displacement varied between 0 and 4.5 cm.

Figure 8 shows the vertical (Z-direction) displacement cloud of the goaf; as the distance
from the mining area decreases, the vertical displacement from left to right first increases
and then decreases. In view of this, the vertical displacements above the top plate of the
goaf were all negative; i.e., the direction of displacement was consistent with the direction
of gravity, and the displacement gradually decreased from the top plate of the goaf to the
surface. The displacement of the bottom plate of the mine room was positive, opposite to
the direction of gravity, and the displacement changes were small, which is in line with the
general rule of underground deposit excavation. The surface above the goaf was affected
by the excavation of the mine, with a maximum vertical deformation value of 4.0 cm, while
the maximum displacement of the bottom plate of the mine room was about 1.34 cm.

Figure 9 shows the horizontal (X-direction) displacement cloud map of the goaf. The
horizontal displacement in the X-direction of the goaf is developed to both sides; taking the
positive center of the goaf as the dividing line, the left side of the center develops along the
positive direction of X and the right side of the center develops along the negative direction
of X. The displacement values on both sides are approximately mirror image changes, and
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the X-direction displacement development trend is in line with the deformation law of the

underground deposit after excavation.
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Figure 6. Displacement vector.
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Figure 7. Displacement cloud map.
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Figure 8. Vertical (Z-direction) displacement contour.
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Figure 9. Horizontal (X-direction) displacement contour.

Figure 10 shows the vertical stress cloud of the goaf, which is divided into two parts,
with the range of stress variation increasing on the left and decreasing on the right. The
vertical stresses in the Z-direction are all negative, and the vertical stresses in the Z-direction
in the profile generally conform to the stress self-weight distribution, with the stresses
gradually increasing from top to bottom.
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Figure 10. Vertical stress contour.

Figure 11 shows the horizontal stress cloud of the goaf. The goaf is divided into
two parts, with a certain pattern of horizontal stress distribution on the left that grad-
ually increases from left to right, while the horizontal stress distribution on the right is
more uniform. The horizontal stress in the X-direction of the section shows an irregular
distribution.
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Figure 11. Horizontal stress contour.

In summary, it can be seen from the displacement cloud diagrams that the vertical
displacement of the goaf increases first and then decreases from left to right as the distance
from the mining area decreases, while the horizontal displacement of the goaf develops to
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both sides. From the stress cloud diagrams, it can also be seen that the stress in the vertical
direction of the goaf was divided into two parts, where the left side gradually increased
and the right side gradually decreased due to the excavation of the coal seam forming the
underground cavity, which broke the original stress balance; the stress of the overlying rock
layer in the goaf was subsequently transferred to the periphery, creating a stress release
area in the roof of the goaf. The stress in the horizontal direction gradually increased from
left to right, mainly due to the excavation; the stress of the rock body was redistributed
and the horizontal stress of the goaf roof slab was deflected in all directions. Therefore,
displacement and stresses in the goaf lead to changes in the overlying rock.

(2) Goaf Stability Analysis

Stress is redistributed after coal mining. Stress relaxation occurs in the roof rock mass
of the goaf, and the upward stress on the roof of the goaf increases within a certain range.
The stress and strain of the rock mass are approximately symmetrically distributed with
the inclined coal seam as the boundary.

From the simulation calculation and analysis, the maximum displacement of the roof
of the goaf was 4.797 cm; this area was located in the center of the mine, and the direction
was biased to the direction of the goaf, while the displacement gradually decreased from
the center to both sides. According to maximum tensile stress theory, the ratio of the tensile
strength to the compressive strength of the coal mine was 0.04. Taking the compressive
strength of the coal mine as 12.2 MPa, the tensile strength was calculated as 0.49 MPa.
Taking a safety factor of 1.5 times, the rock mass of the allowable tensile strength was
determined to be 0.33 MPa. During the simulation process, the stress changes on the roof
of the goaf were monitored. As shown in Figure 12, it was found that the vertical stress
changes above the roof of the goaf were all within the acceptable range of the rock mass.
Figure 13 shows the horizontal stress. The maximum value of the change in horizontal
stress exceeded the critical tensile strength of the rock, indicating that the roof of the goaf
could no longer bear the change in rock mass stress.
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Figure 12. Variation in vertical stress at a point above the roof of the goaf.
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Figure 13. Variation in horizontal stress at a point above the roof of the goaf.

As shown in Figure 14, under the influence of mining, the overlying strata in the goaf
experienced displacement and deformation. According to the calculation and simulation
results, the surface deformation in the goaf area had an obvious control effect on the depth
of the goaf, in which the maximum vertical displacement was 4.5 cm and the maximum
horizontal displacement was 1.5 cm.
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Figure 14. Change in horizontal displacement of a point on the surface above the roof of the goaf.

In summary, using the FLAC(3D) finite difference method simulation calculation, it
was concluded that the roof of the goaf and the overlying strata are in an unstable state. At
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the same time, this simulation only simulated the excavation process of the goaf and did
not consider other factors, such as water filling in the goaf. As the water content in the goaf
increases, the strength of the pillar will be greatly reduced as it is softened by the water,
and the goaf will be in a more unstable state as a result. The simulation calculation results
reflect the stress characteristics and deformation and failure laws of the coal mine goaf.

3.2. Comprehensive Evaluation and Restoration Design of Goaf Site in Garden Expo Park
3.2.1. Goaf Stability and Suitability Evaluation

(1) Stability evaluation

The influence depth of the additional load of the new structure and the critical over-
burden thickness of the goaf are important indicators to determine the stability of goaf
construction. The original equilibrium state of the caving fault zone is destroyed, and the
overlying rock undergoes greater movement and deformation again. Generally, when the
additional stress generated by the building load in the foundation is equal to 20% of the
self-weight stress of the foundation at the corresponding depth, it can be considered that
the influence of the additional stress on the foundation at that depth is negligible; however,
when there is high compressibility soil below the building, or other unstable factors such as
goaf slump and fracture zones, the additional stress should be calculated until the position
of 10% of the weight stress of the foundation, at which point it can be considered that the
additional stress does not have much influence on the foundation at this depth. This depth
is the influence depth of the building (structure) load (H shadow). Here, a trial calculation
was carried out according to the load of five-story and seven-story buildings. Table 5 lists
the calculation results.

Table 5. Building (5th, 7th floor) load influence depths.

Building floors 5th floor 7th floor 10% of the self-weight
Substrate uniform load (kN/m?) 180 220 stress of the foundation
Substrate additional pressure (kN/ m?) 140 180 (kN/m?)
Additional stress in the foundation 25 67.2 76.8 5.0
at depth Z(m) below the ground 45 25.2 28.8 10.2
surface 0z (kN/m?) 6.5 14.56 16.6 15.4
Depth of impact (m) 6.5 7.0

Remarks: Calculated according to a width of the low-rise strip foundation of 2.0 m and 3.0 m.

The self-weight stress of the foundation was calculated using the following equation:
o =rihy +rohy + - +ryhy )

where 11, 19, ..., 1, represent the bulk density of each layer of soil or rock from top to
bottom in the foundation (kN/m?3) and hy, hy, ..., h, denote the thickness of each layer of
soil or rock from top to bottom in the foundation (m).

The average thickness of the quaternary topsoil in this area was determined as 2.5 m
from the drilling results, and the bulk density was taken as 20 kN/m? during calculation.
The following bedrock strata were mainly sandstone, sandy mudstone, and shale, and the
bulk density was taken as 26 kN /m?3 for calculation.

The additional stress of the foundation was calculated as follows:

o> = 4 kP, (10)

where k is the vertical additional stress coefficients under various loads (rectangular, square,
strip loads, etc.) and Py is the average additional pressure acting on the underside of the
foundation (kN/m?), and

P(): P— 7’0D (11)
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where P is the vertical uniform load at the bottom of the building (structure) foundation
(kN/m?); rq is the bulk density of the natural soil layer above the base level, rg = 20 kN/m?;
and D is the embedded depth of the foundation (m).

After the coal seam is mined, and when the caving fault zone in the goaf is no longer
moving due to the disturbance of the newly added building load, the minimum mining
depth (Hp,) should be greater than the height of the caving fault zone (H¢) and the impact
depth of the building load (Hj,), i.e., the sum of both.

H, > Hy, =H: + Hy,

The height of the stress concentration zone in the collapse fracture zone was generally
1.3 to 1.5 times the height of the fracture zone, and its value for this calculation was taken
as 1.4.

Evaluation criteria: When the actual mining depth H, < Hp,, the foundation is un-
stable, and the overlying rock and the ground surface will move again with considerable
unevenness. When the actual mining depth 1.4 H. + Hy > H, > Hyy, the foundation is
weakly stable and the overlying rock and the ground surface may move unevenly. When
the actual mining depth H, > 1.4 H. + Hy,, the foundation is stable and the building load
will not cause the collapse fracture zone to move again.

Table 6 lists the stability conditions of the goaf in each region. From the theoretical
calculation results alone, the burial depth of the goaf needs to be >90 m to be in a more
stable state when considering the effect of a seven-story building load (about 20 m) within
the goaf. However, the residual deformation effect caused by groundwater level lifting after
the mining operation stopped and was not fully considered in the theoretical calculation; if
the groundwater effect is considered, the burial depth of the goaf needs to be >120 m to be
in a more stable state.

Table 6. Evaluation form for building stability in goaf.

Iéf)ll%:tsoef 1.4 Depth of Critical 14 H. + Actual
Area Layers P H, Impact Height TS Mining Stable Condition
Fracture H;, (m)
(m) (m) (m) Depth (m)
Zone (m)
Key Exploration 5 6.5 54.83 74.16 . Comprehensive assessment of the
Area 1 7 4833 6766 7.0 55.33 74.66 0-275  Stability of the foundation in the
Key Exploration 5 6.5 50.74 68.44 g goaf: mining depth >90 mis a
Area 2 7 424 61.94 7.0 51.24 68.94 10-253 more stable site, mining
Key Exploration 5 6.5 64.07 87.1 . depth < 90 m is not suitable for
Area 3 7 57.57 80.60 7.0 64.57 87.6 18-280 construction sites.

(2) Suitability evaluation

According to the current survey, geophysical exploration, and drilling exposure
(drilling depth of 110 to 150 m) during the work period, most of the early goafs in the
survey area have collapsed to the surface and become stable. A small number of roadways
and inclined shafts are semi-filled due to their small span; their crumbling and collapsing
bodies are poorly compacted, and there is still considerable residual deformation and
potential for geological hazards. According to the influence depth of the additional stress
of the building foundation for multi-story buildings, combined with the critical thickness
of the overburden layer in the upper part of the extraction area, the critical stability depth
of the upper multi-story buildings was estimated to be around 90 to 100 m. Consider-
ing the early mining time in the evaluation area, the phenomenon of irregular mining,
and the more complex underground excavation works, as well as the negative effects of
pumping and draining groundwater and the sudden rise in groundwater level after mining
was stopped—which aggravated residual deformation and ground collapse in the mining
area—the thickness of the critical cover layer in the upper part of the mining area (depth of
influence of building load + critical depth of the roof) was described by a safety factor of
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1.3. We recommend that the horizontal projection of the surface in the area of the upper
overburden of the mining area with a thickness of 120 m be taken as the boundary line of
the deep part of the mining area, suitable for construction of multi-story buildings, and
that the shallow part near the coal line be considered as the inner edge of the mobile basin
with a safe construction distance of 25 to 30 m (taken in conjunction with the structure of
the upper structure).

Using the assessment indexes in the Code for Geotechnical Engineering Investigation of
Coal Mine Goaf and Code for Geological Investigation of Urban and Rural Planning Engineering,
the site suitability of different sections in the evaluation area was divided according to the
principle of building site suitability zoning into three major zones, as shown in Figure 15
and Table 7.

o8

K47 (2016)

K02 (2016)

K09 (2016)
K01 (2016)

Figure 15. Distribution of suitability evaluation areas.
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Table 7. Site engineering construction suitability rating and planning and design suggestions.

Sultat‘nhty Number Partltlon2 Area Site Hazards Planning anc'l Design
Zoning (km?) Suggestions

Disposal sites, green

Poor suitability zones 1 0.5082 Greater hazard spaces, landscaped
areas, roads, squares,

temporary facilities

Basic suitability zones 2 0.241 Moderate hazard Roa(.:ls, Squares,
low-rise buildings
Suitability zones 3 0.6731 Less hazard Various buildings

Poor suitability zone (Zone I): A region of poor suitability was found with an area of
about 51 hectares, mainly concentrated in the southeast and north of the site. According to
Technical specification for retaining and protection of building foundation excavations, this
region is distributed over areas where the burial depth of the coal mine goaf is less than
100 m and those where the ground subsidence around the goaf is greater than 30 mm. A
ground subsidence deformation greater than 30 mm around the foundation pit and site
area has a considerable impact on buildings and structures; thus, it was designated as a
poor suitability area.

Basic suitable area (Zone II): This region covers an area of about 24 hectares and is
distributed where the depth of the goaf is 100 to 120 m and the land subsidence in the area
around the goaf is between 10 to 30 mm. The land subsidence deformation has a certain
influence on safe and normal use of ground buildings; thus, it was classified as a basic
suitable area. In key exploration area 2, a small number of coal mining wellheads were
investigated, and the goaf was not revealed after verification by three drilling holes. For the
sake of safety, this region was also divided into the basic suitable area. In the distribution
area of the No. 14 ore boundary in key exploration area 3, the existence of the coal mining
wellhead was not found and the goaf was not revealed after verification by two drilling
holes. To be cautious, it was also divided into the basic suitable area.

Suitability zones (Zone III): It includes the area distributed in the mining area depth
greater than 120 m, the surrounding ground settlement less than 10 millimeters and the
non-mining area. The ground deformation in the suitability zones has a slight impact on
the safe use of ground buildings and structures.

3.2.2. Goaf Restoration Design

A landscape was created by relying on the existing landscape background, as shown
in Figure 16, with water as the core and mountains as the backbone to form the spatial
structure of “one axis and two zones”. According to the evaluation of site stability and the
suitability of the goaf, the direction of its restoration should consider the matching social
and economic systems while including the functions of culture, tourism, mass satisfaction,
and aesthetic feeling, etc., with the aim of forming a systematic, complete, and referenceable
ecological restoration model of the mining area.
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Figure 16. Schematic diagram of the functional structure of the Garden Expo.

(1) Poor Suitability Zone
e  Quarry rehabilitation

Based on evaluation of the stability and suitability of the goaf of the Park Expo, as well
as the land use status of the quarry after restoration, the intensity of manual intervention
in restoration, and the ecological and social benefit characteristics of the restoration, three
restoration methods can be applied: (1) the Park Expo construction model restores the
quarry into an urban park green space with high ecological and social service value in
a short period through higher manual intervention; (2) the ecological re-greening model
takes appropriate artificial intervention measures to promote positive ecosystem succession
over a certain period to restore the quarry into a green space with ecological value; and
(3) the natural restoration model restores the ecosystem to a semi-nautral green space,
without artificial interventions, over a long period. The three approaches were applied
simultaneously to create the quarry garden in Figure 17.

Figure 17. Quarry Garden.

e  Slope re-greening
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In areas of poor suitability for water pipeline construction, slope re-greening can be
utilized. In this method, the site is excavated to form a large, hardened pit land and create
a valley of flowers. Lead enterprises can actively participate in the construction of the site
and resource-based enterprises to commit to ecological construction (Figure 18). Here, the
fact that vegetation root systems can reinforce, anchor, and contain water is used to enhance
the stability of geotechnical slopes and provide certain ecological and landscape benefits.

Ground Water Pipe

Figure 18. Valley of nine flowers.

(2) Basic Suitability Zone

In the basic suitable area, the Garden Expo Flower Street, as shown in Figure 19, can
be built with assembled steel structures, which have strong seismic resistance. This method
also takes into account the short construction period and provides a functional structure
that can act as one of the core nodes in the park. At the same time, the hydrodynamic force
can be restored and the original water in the base site will be allowed to move to complete
the stacked cycle of water purification and create large fountains and other recreational
facilities. Through cross-sections, the water permeability function of sponge materials and
the water purification function of aquatic plants can be intuitively utilized to create a water
purification garden, as shown in Figure 20. In the process of construction, it is necessary to
consider the combination of infiltration and storage functions in the ecological purification
function of plants. In order for water quality to reach the relevant standards, this type
of rain garden can fully integrate the function of landscapes to achieve purification and
filtration of rainwater.
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Figure 20. Water purification garden.

(3) Suitability Zone

The suitable area is stable, and construction at these sites is less harmful. Here, the
iconic Jingmen Courtyard, as shown in Figures 21 and 22, can be constructed. This structure
will absorb the cultural genes of Guan Gong of the Three Kingdoms of the Duo Dao and
draw lessons from the layout of the “Ninety-Nine Houses” of Jingmen residential buildings,
with corridors and halls organizing the spatial sequence to create a new Chinese-style block
that reflects the characteristics of Jingchu. Jingmen Courtyard will be close to municipal
cultural facilities, with an excellent traffic location and a beautiful environment in the
Garden Expo. It will be a display of folk customs and intangible cultural heritage during
the garden exhibition and a garden hotel and creative workshop after the exhibition.
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Figure 21. Jingmen Courtyard north district garden hotel.

Figure 22. Jingmen Courtyard south district creative workshop.

4. Discussion

In this study, we analyzed the stability and suitability of a coal mine goaf, taking the

ecological problems of the typical area of Jingmen Garden Expo Park goaf as the research
object, and investigated the planning and design theory and methods suitable for this goaf.
We came to the following conclusions:

@

@)

®)

The caving and fissure zone analysis method and natural balance method were used
in the stability analysis of the goaf, and the minimum and maximum thicknesses
of the overlying rock mass in the three key exploration areas of the goaf due to the
surrounding rock pressure were obtained: these values were 40.19 m and 48.33 m in
key exploration area 1; 36.45 m and 44.24 m in key exploration area 2; and 49.77 m
and 57.57 m in key exploration area 3, respectively.

A numerical model of the mobile deformation of the mining area was established, and
its profile stress and displacement were analyzed using FLAC(3D) finite difference
method simulation calculation. The results of profile stress analysis showed a tensile
strength of 0.49 MPa, while the allowable tensile strength of the rock was 0.33 MPa.
The results of displacement analysis showed that the maximum vertical displacement
was 4.5 cm and the maximum horizontal displacement was 1.5 cm. In summary, the
top plate of the mining area and the overlying rock are in an unstable state.
According to the calculation results, the suitability of the site was evaluated and the
site was divided into three categories—poor suitability zone, basic suitability zone,
and suitability zone—for which different ecological restoration plans were proposed.
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In practice, the positioning and design of the functional structure inside the goaf
cannot be ignored. Therefore, how to combine the internal spatial structure and function of
the goaf with the surrounding area will be the focus of further exploration and research. In
addition, when creating the ecological spatial structure of “one axis and two districts”, the
analysis and evaluation methods and design schemes selected in this study largely depend
on the experience of planners and the opinions of local authorities.

5. Conclusions

In this study, we analyzed the deformation mechanism and stability theory of a goaf,
established a numerical model of the mining area, carried out a stability evaluation and
building site suitability evaluation of the area, and finally proposed an ecological restoration
plan for areas with different suitability according to the stability analysis results. Following
the restoration practice of the stability calculation of the goaf in Garden Expo Park, it was
shown that the planning path and the technical methods of the different stages proposed in
this paper are feasible. A well-thought-out restoration of the mining area with respect to
economic and social aspects will lay a solid foundation for global green and sustainable
development.
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