minerals

Article

Ground Stress Analysis and Automation of Workface in
Continuous Mining Continuous Backfill Operation

Seun A. Ajayi !, Ligiang Ma >* and Anthony J. S. Spearing !

Citation: Ajayi, S.A.; Ma, L.;
Spearing, A.].S. Ground Stress
Analysis and Automation of
Workface in Continuous Mining
Continuous Backfill Operation.
Minerals 2022, 12, 754.
https://doi.org/10.3390/min12060754

Academic Editor: Abbas Taheri

Received: 28 April 2022
Accepted: 8 June 2022
Published: 14 June 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Key Laboratory of Deep Coal Resource Mining, Ministry of Education of China, School of Mines,
China University of Mining and Technology, Xuzhou 221116, China; seunajayi93@gmail.com (S.A.A.);
ajsspearing@yahoo.com (A.].S.S.)

2 School of Energy Engineering, Xi’an University of Science and Technology, Xi’an 710054, China

* Correspondence: ckma@cumt.edu.cn

Abstract: The cost, complexity, lack of filling space and time create challenges in the longwall back-
fill operation, resulting in poor subsidence control and reduced productivity. This paper proposes
an automated continuous mining and continuous backfill (CMCB) method by examining its key
requirements and investigates the optimum sequence of coal panel (such as drifts) excavation to
ensure ground strata control at relatively high productivity. The automated CMCB adopts the high-
wall mining technique underground, which enables easier automation at the workface. A numerical
simulation of the Changxing coal mine in China was undertaken, and five different sequences of coal
excavation were investigated, using the automated CMCB excavation parameters (assuming a 4 m
width cut, 5 m mining height for a 200 m long coal slice) to determine the optimum sequence of re-
source excavation. The plastic zones and vertical displacement across the five models were analyzed.
Simulation results of the 5 m high coal seam excavation show that the odd-even slice (OES) mining
sequence, which has a vertical ground displacement of 74 mm, is the most efficient excavation method,
due to its effective stress redistribution and lower induced ground displacement.

Keywords: continuous mining and continuous backfilling; highwall mining; hydraulic support;
rock strata stress; underground mining

1. Introduction

China is a mineral resources-rich nation, with enormous reserves of lead-zinc esti-
mated at 849 million tons, manganese at 4.8 billion tons, lithium chloride at 92.48 million
tons [1]. It has the world’s third-largest reserve of coal and is the largest producer of gyp-
sum [1]. These mineral deposits span numerous provinces, and underground mining ac-
counts for a substantial percentage of tonnage produced. Due to the overburden depth of
the reserves, underground mining accounts for 95% of tonnage output [2]. The tonnage
of coal resources with less than 600 m overburden is about 20% of the total reserves in
China [3]. As a result, the vast majority of China’s coal reserves cannot be exploited by
the surface mining operation, and the longwall mining method accounts for 90% of its
coal production [4].

The deep mining depth of ore reserves makes room and pillar impractical, due to the
very low percentage of possible extraction. The main challenges of the underground min-
ing methods are coal bursts, mine accidents, land subsidence, water aquifer pollution, air
pollution, groundwater table displacement, acid mine drainage, disturbance of hydro-ge-
ology, displacement and relocation of villages and farmlands [2,5]. These adverse impacts
and their mitigations have been extensively studied in various countries, including Po-
land [6-9], Australia [10,11], UK [12], South Africa [13,14] and India [15,16]. In China, the
environmental impact of land subsidence due to underground mining operations is se-
vere; about one million hectares of subsided land exist today [2]. In areas with mineral

Minerals 2022, 12, 754. https://doi.org/10.3390/min12060754

www.mdpi.com/journal/minerals



Minerals 2022, 12, 754

2 of 17

reserves under buildings, railways, and water bodies, which are also referred to as under
three bodies [17], land subsidence poses environmental challenges, socio-economic and
mining layout challenges [18].

Reducing these adverse impacts of underground mining has necessitated the adop-
tion of various mining techniques; the most significant has been the incorporation of back-
filling into mining operations. The application of backfill materials and backfill technolo-
gies has successfully mitigated land subsidence with backfill methods, such as solid back-
fill mining, hydraulic backfilling, and paste backfilling methods with subsidence factors
ranging from 0.1 to 0.3 [18]. However, due to limited supported and protected space and
lack of filling time, the backfilling operations in longwall mining affect resource produc-
tivity. They do not effectively control the movement of overlying strata, especially on a
surface with critical infrastructures.

As a result, the continuous mining continuous backfill method was proposed. Nota-
ble mining methods that have incorporated the continuous mining and backfill technique
include the Wongawilli roadway backfilling coal mining method (WRBCM) [19], longwall
mining with split-level gate roads (LMSG) [20], and continuous mining continuous back-
fill method (CMCB) [21]. These methods use the cemented paste backfill technique with
readily available backfill materials, such as aeolian sand and fly ash. These methods have
been successful in the mitigation of subsidence. However, the conventional continuous
mining continuous backfill operation requires human presence in the workface for exca-
vation operations. This is a drawback to conventional CMCB operation, and it further ex-
acerbates the existing automation challenges in longwall mining operations.

To solve the existing longwall mining challenges, China is implementing intelligent
mining technology in coal mines nationwide [22,23] to achieve much safer, highly auto-
mated and efficient mining [24,25]. To achieve intelligent mining, it is necessary to deploy
highly automated mining equipment at the working face [26]. This paper aims to identify
a mining method that enables easier automation at the workface with minimal ground
displacement and allows for a higher flexibility in the excavation of resources at a lower
capital cost. To achieve this aim, the highwall mining technique of remote deployment of
equipment at the mine workface is combined with the effective subsidence control merit
of a conventional continuous mining and continuous backfill. This concept is herein
termed automated continuous mining continuous backfill.

The excavation parameters of the automated CMCB are used in numerical simulation
to determine the most effective sequence of coal excavation in a typical mine. While our
research team has proposed this mining method in an earlier publication [27], this paper
further enumerates the equipment requirements, modifications and positioning, ground
stress and mine layout. The mining equipment and mine layout were drawn using Creo
Parametric and AutoCAD. Geological data of a typical underground mine in the western
part of China published by Zhang, et al. [28] were used for the FLAC3P numerical simula-
tion. The induced ground stresses and vertical displacements of the mined area were in-
vestigated in five different sequences of mineral excavations.

2. Automated Continuous Mining Continuous Backfill Method

The automated continuous mining continuous backfill (CMCB) method adopts the
highwall mining principle for the underground exploitation of resources. The addcar
highwall mining system is modified for underground mining operations, due to its ad-
vantage over the auger and bridge conveyor system Walker [29]. The conventional addcar
system employs continuous miners and addcars that utilize screws to remove coal from
the entry.

The major equipment required for a successful automated CMCB mining operation
includes continuous miners, a hydraulic ram support system, addcars, an armored face
conveyor system, a monorail and decouple machine. The decouple machine is a newly
introduced equipment for addcar coupling and decoupling. These machines will be me-
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chanically linked together and mounted with sensors to achieve a high level of autono-
mous mining. The proposed mining technique aims for a fully automated mining meth-
odology or automation at a level higher than the longwall method.

2.1. Automated CMCB Operation Technique

As shown in Figure 1, the continuous miner with a 4 m width cutting drum makes
the first cut into the coal slice along the x-axis; as the continuous miner advances in the y-
direction, successive addcars are attached to it with the aid of the coupling-decoupling
machine. The telescopic cylinder of the hydraulic support system pushes the addcar; thus,
the addcars act as a drill rod for the continuous miner and as a conduit to convey coal
back out to the armored face conveyor. This operation continues until the complete coal
slice (200 m length) is mined out, and then the mining equipment is removed and moved
to the next coal slice. A monorail is installed on the mine roof, and it connects the addcars
stack (i.e., storage for 50-60 addcars) to the coal workface. In addition, the couple-decou-
ple machine is mounted on the monorail in front of the hydraulic support system.

o

Amoured Face Conveyor

Head Entry

w , gy draulic Support
L ) System

Figure 1. Automated CMCB mining method (performed by the authors).

There is a considerable knowledge base from conventional surface highwall opera-
tions and some of the calibrated modelling for deeper underground conditions [19,21].
According to Ma et al. [19], the key to the success of a remote operation is mining at a
stable, short-term unsupported span. In addition, according to Spearing et al. [27], high-
wall underground mining should be conducted up-dip to facilitate water drainage and
make backfilling easier and less costly. The backfilling should be carried out downdip to
improve roof contact. The equipment suite for underground needs to be much more com-
pact than for surface operations. As mining progresses towards the main entries, the mon-
orail sections can be removed and reinstalled in front of the retreating overall panel face
(towards the main entries) as successive slices are mined [27].
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2.2. Mine Design Layout and Equipment Positioning

Mine design will be carried out based on the geological and geotechnical conditions
of the individual mine; therefore, the type of entry is not predetermined. Relative posi-
tioning of equipment is shown below in Figure 2.

Figure 2. Mine equipment positioning (performed by the authors).

2.3. Estimated Production for CMCB

The estimated production rate per coal slice of 200 m long, 4 m wide, with 5 m in
height has a coal-specific gravity of 1.3 at a 165 tons per hour production rate for one
continuous miner. For the available time of 400 min (approximately 6.7 hrs available in 8
hrs per shift), a continuous miner will produce 1105 tons per 8 hr-shift. On a conservative
estimation, 3 shifts of 8 h of production per shift result in 1105 x 3 = 3315 tons per day.
Using 828 shifts per year, at 6 days per week and 46 weeks per year, a single continuous
miner will produce approximately 915,000 tons per year. The application of a super-sec-
tion, i.e., the use of multiple continuous miners, will have a multiplying effect on the out-
put and increase the cutting capacity of the system, which will significantly increase the
tonnage per year.

3. Automated CMCB Equipment Requirements
3.1. Continuous Miner

A continuous miner is made of a large rotating steel drum with tungsten carbide
teeth. This means that continuous miners are suitable for cutting soft and some harder
rock deposits, such as potash, coal, gypsum, manganese, limestone, salt, and trona. Sev-
eral designs of continuous miners have been manufactured, such as the Joy Ripper miner,
boring miner, milling-head miner, auger miner, and the boom-type miner. The CMCB
mining method does not require shuttle cars, so the continuous miner chain conveyor
needs to be modified and connected to an addcar, as is the case with a conventional high-
wall addcar system, to ensure a continuous haulage operation.

3.2. Armoured Face Conveyor (AFC)

AFC is a one-sided trough scraper conveyor, invented by the Caterpillar equipment
manufacturing company in the early 1940s, with the second side of the trough being
formed by the coal face [30]. Modification of the AFC will include side holes that act as an
opening for the hydraulic ram support’s telescopic cylinder push and pull function. The
overall capacity reduction in a typical armored face conveyor is required because the tons
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per hour between 1433 to 5512 tons of a typical AFC is excessive for the CMCB, except
when multi-section mining or multiple continuous miners are simultaneously used dur-
ing the excavation operation. In addition, the AFC acts as a guide rail for shearer with a
traction force of up to 1000 kN in a longwall mining operation; this feature is not required
for the CMCB operation. Hence, capacity reduction and removal of guide rail functional-
ity of typical AFC increases the compatibility of the equipment required and reduces cap-
ital cost.

3.3. Hydraulic Support System

Since the first hydraulic support was developed in England in 1854, hydraulic sup-
ports have been essential equipment in mechanized coal mining systems [31]. Presently,
the highest working height of hydraulic support globally is 8.8 m [32]; however, the re-
quired design for the CMCB operation is a medium seam, slicing mining hydraulic sup-
port with a maximum design height of 5 m.

A modification requirement for the hydraulic support is the integration of a tele-
scopic cylinder shown in Figure 3—a hydraulic powered telescopic cylinder connected to
the base of the hydraulic support to facilitate the push—pull mechanism of the addcar. In
addition, a signal receiver is mounted on the hydraulic support to aid communication
across the addcar, decouple machine and hydraulic support. A caving shield in convec-
tional hydraulic support is not required. The parameters of hydraulic support suitable for
medium height coal seam is presented below in Table 1.

The functionality requirement of the hydraulic support system for the CMCB method
is to provide roof support and, secondly, provide push and pull force for the addcar by
using the telescopic cylinder attached to the hydraulic support base. The telescopic cylin-
der has a connecting head that fits into the back connector of the addcar.

Connecting head \ [

(a) ‘ ] =
: ==\ S (b

K
i

T

Figure 3. Equipment dimension. (a) Two-stage hydraulic support; (b) telescopic cylinder (per-
formed by the authors).

Table 1. The hydraulic support system parameters.

Mechanical Features Type/Values
Support Type Two-Leg Hydraulic Support
Cylinder Type Two-Stage Hydraulic Cylinder
Pump pressure 31.5 MPa
Setting Load (31.5 MPa) 3969 kN
Operating Height 5m
Collapse/Retract Height 2.5m
Base Size 25mx2m
Assumed Weight 20 tons

Setting load = area of bottom (first) stage cylinder x pump pressure.
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Considering stiffness, which is a factor of operating height (4 m) and cylinder diam-
eter (0.4 m), these collapse heights and operation heights are selected for the design to
avoid a reduction in the load-carrying capacity. In addition, the cylinders’ diameters are
constrained by stiffness and a reduction or increase in the diameters will significantly af-
fect the load-carrying capacity. The two-stage hydraulic system has been selected due to
its relatively higher load-carrying capacity than a three-stage system at the same operating
height.

3.4. Addcar

The addcar highwall mining system, which was first operated at the Boomer mine in
Fayette County, West Virginia in 1990, has since mined over 120 million tons globally [33].
A typical addcar of the addcar system is a rectangular-shaped body, with a screw or belt
powered by an electric motor to convey from the continuous miner.

The addcars need to function as a conveyor and a drill rod to push and pull the con-
tinuous miner and act as a coal conveyor from the continuous miner to the AFC. The mod-
ification required for a typical addcar as shown in Figure 4, is the addition of two connect-
ors to its ends, which will enable coupling to the hydraulic support at one end and the
successive addcar at the opposite end.

Front connector

Back connector

Figure 4. Addcar (performed by the authors).

The estimated weight of a single addcar is 8 tons, and the calculated loaded capacity
for a single addcar is 10.4 tons. Achieving a 200 m long slice penetration requires 50 add-
cars. Each addcar has a dimension of 4 m x 2 m x 1 m, length, width and height, respec-
tively. These addcars will be stacked at the main entry in the addcar stack station and
moved using the monorail system. The hydraulic support is integrated with the addcar in
Figure 5.

Figure 5. Hydraulic support integrated with addcar (performed by the authors).
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3.5. Monorail System

Monorail technology has been utilized in the mining industry since the late 19th cen-
tury [34]. Currently, monorails are used in underground coal and ore mining to transport,
batch haulage, and manage services to the longwall face.

A typical monorail locomotive is coupled with hydraulic lifting units (with load ca-
pacities ranging from 8 t to 50 t), on which containers for material or a cabin for people
are suspended. These containers are replaced with addcars for the CMCB operation. The
monorail connects from the addcar rack station to the mine panels. The functionality re-
quirement of the monorail is the transportation of addcars from the stack station to the
current workface.

4. Numerical Simulation of Induced Ground Stress and Displacement

The mine data used for the FLAC?P simulation are typical underground coal mine
data extracted from Zhang et al.’s [28] publication, with the minefield’s geological, phys-
ical, and mechanical properties given below.

4.1. Mine Overview

The Changxing coal mine is located in Yuyang district, about 15 km north of Yulin,
Shaanxi Province, China. The coal mine covers a field area of 4.82 km?. The primary mine-
able coal of Changxing coal mine is the number 3 coal seam, which has a stable horizon
and simple structure. This coal seam has an average thickness of 5.35 m and belongs to
the stable ultra-thick seam. The burial depth of the minefield gradually increases from
southeast to northwest, with the coal seam slightly tilting to the northwest at an average
angle of 0.5° (Table 2). The overburden depth of the coal seam is 130 m, which is a typical
shallow buried coal seam in the western part of China.

The soil profile of the coal seam overburden has medium-fine granular arkose (sand-
stone) as the main roof, with a thickness of 4.48-33.2 m. The immediate roof is silty mud-
stone; the main floor is siltstone with a thickness of 0.10-9.28 m; and the coal seam has
simple structure with strong compressive strength, which hardly causes floor heaving.

Table 2. Geological features of the deposit.

Geological Features Values
Average overburden depth 130 m
Coal seam height 5.35m
Dip angle 0.5°
Mining method Roadway backfill coal mining (RBCM)

This is a typical geological feature of a non-inclined coal minefield in western China,
which accounts for more than 85% of the total coal deposit.

4.2. Numerical Simulation

The FLAC?P is a three-dimensional finite-difference program developed by the Itasca
company. It is one of the most widely used numerical simulation software in geotechnical
engineering, such as underground mining [35]. FLAC®® simulation of the coal mine was
created as shown in Figure 6 below, with an overburden rock profile of 130 m depth, coal
seam of 5 m thickness, floor of 15 m thickness, and reserve width of 248 m. While the
required workface width is 48 m, the 248 m width was modelled with 100 m wide coal
pillars at both sides of the workface to avoid the effects of artificial boundaries. The di-
mension of the simulated coal panel is 200 m x 48 m x 5 m in length, width and height,
respectively. No in situ stress was considered, and the gravity was set to =10 m/s2. There
were 163,680 zones and 174,250 grid points in the numerical model. The simulated coal
panel below shows roof 4, roof 3, roof 2 and roof 1, denoting aeolian sand, loess, gelling
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agent; medium sandstone; fine sandstone and mudstone, respectively. In addition, floor
1, floor 2 and floor 3 denote siltstone, fine sandstone and mudstone, respectively, with the
coal seam between the roof and floor layers. Lastly, the coal seam is divided into 12 slices,
denoted by slicel to slicel2. The physical and mechanical properties of individual rock
lithology shown in Table 3 were assigned, and the Mohr—Coulomb mechanical model was
applied to the simulation.

Zone
I ‘L:F[ I:[ Colorby: Group  Any
coal

. floor1
floor2
floor3
roof1
roof2
roof3
roofd
slice1
slice10
slice11
slice12
slice2
slice3
slice4
slice5
slice6
slice7
slice8
slice9

Figure 6. Coal panel simulation.

Table 3. The physical and mechanical properties of rock lithology in the numerical model.

) Bulk Modulus Shear Cohesion Tensile Internal Friction Density
Lithology (GPa) Modulus (MPa) Strength Angle () ke/m?
(GPa) (MPa)
Medium sandstone 1.8 1.1 2.2 3.2 31 2100
Fine sandstone 1.5 0.9 1.8 2.8 32 2200
Mudstone 0.8 0.5 0.9 1.6 28 1600
Coal 0.6 0.4 0.8 1.2 21 1400
Mudstone 1.0 0.6 0.5 1.8 28 1600
Siltstone 2.5 1.5 2.0 2.4 30 2615
Fine sandstone 1.5 0.9 1.8 2.0 30 2100
Aeolian sand, loess,
gelling agent 0.4 0.2 0.8 0.8 27 1500
(1:0.3:0.16)

4.3. Simulation Process

In order to analyze stress distribution and vertical displacement along the coal work-
face and ground surface, the models’ X and Y planes were fixed at both ends, and the Z
plane was fixed at the lower plane to allow vertical displacement. The coal slices were
excavated in different sequences given in Table 4 below, using the FLAC?® inbuilt me-
chanical null model, and the mechanical elastic model was applied to backfill excavated
stopes. The elastic constitutive model was assigned lower mechanical properties values to
mimic a cemented paste backfill mixture. The numerical analysis results are interpreted
as first (first six slices) and second (last six slices) excavation cycles, due to significant
differences in the simulation results.
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Table 4. Slice mining sequence variation.

S/N Sequence Name Slice Mining Order Initials
1 Direct Order Sequence 1-2-3-4-5-6-7-8-9-10-11-12 DOS
2 Odd-Even Sequence 1-3-5-7-9-11-2-4-6-8-10-12 OES
3 Even-Odd Sequence 2-4-6-8-10-12-1-3-6-7-9-11 EOS
4 Double Gap Sequence 1-4-7-10-2-12-3-6-9-5-8-11 DGS
5 Triple Gap Sequence 1-5-9-2-6-10-3-12-7-11-4-8 TGS

Meaning of Models’ Nomenclature

The DOS implies a continuous excavation of coal slices 1 to 12 without alternation;
this is only practical with the application of web pillars. The OES means the excavation of
the odd-numbered slices, while the even-numbered slices remain as pillars and vice-verse
for the EOS (Figure 7). The DGS implies the mining out of a slice, then leaving out the
successive two slices to act as pillars and retaining walls for backfill, and lastly, the TGS
means excavating a slice, while skipping the successive three slices to act as pillars and
retaining walls.

Figure 7. Even-odd slice mining sequence.

4.4. Contour of Vertical Stress

The DOS simulated result shows the compressive stress of 3.2 x 106 acting on the
surrounding coal pillars and backfilled stopes. The odd-even sequence excavation shows
a stress distribution of 3.47 x 10¢ along the left out coal slices (2-4-6-8-10-12) acting as tem-
porary pillars, and the even-odd sequence shows a stress distribution (3.47 x 10°) across
the temporary pillars (1-3-6-7-9-11). The double gap sequence stress distribution (3.5 x 10¢)
across the temporary pillars (3-6-9-5-8-11) and the triple gap sequence shows a stress dis-
tribution of 3.5 x 10¢ along the left out coal slices (3-12-7-11-4-8) acting as temporary pillars.

This is shown across the simulations in Figure 8 below at the bottom center, i.e., the
48 m width workface. The direct order sequence mining requires the incorporation of a
web pillar to act as a support and retaining wall for the backfill mixture, which will reduce
the available time for coal extraction due to the required waiting time for the setting of
backfill slurry. The EOS and OES models show that the first six coal slices (2-4-6-8-10-12)
and (1-3-5-7-9-11), respectively, can be excavated with appropriate stress redistributions
on the surrounding temporary pillars without the requirement of web pillars and waiting
time. The DGS model shows that during the first six slice (1-4-7-10-2-12) excavations, coal
slice 2 will be excavated next to a backfilled stope, the same as coal slice 5 in the second
(3-6-9-5-8-11) excavation cycles.
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Figure 8. Contours of vertical stresses across five models.

Similarly, the TGS model shows that during the first and second excavation cycles,
three coal slices (2-6-10) and (11-4-8), respectively, will be excavated adjacent to the back-
filled stopes within their respective cycles; therefore, consideration needs to be given to
the setting time of the applied backfill slurry.

As shown in Figure 9, the maximum principal stresses in the models occur on the
ground surfaces and the immediate roofs. Immediate roofs of the DOS and OES models
show the highest and lowest levels of maximum principal stresses, respectively. In addi-
tion, the shear strain contour shows that when excavating the coal slices from left to right,
the preceding coal pillar or backfill will experience the highest amount of shear defor-
mation.

The zones of maximum shear stresses occur at the backfilled stopes (Figure 10). The
EOS and OES undergo the highest shear deformation at 1.4 x 10¢.

The zones of shear strain in the overburden show that the D0S (7.0 x 10-°) and the
TGS (5.0 x 10-%) experience the highest and lowest shear strain, respectively (Figure 11).
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Figure 9. Contours of maximum principal stresses.
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Figure 10. Contours of maximum shear stresses.
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Figure 11. Contours of maximum shear strain rates.

4.5. Ground Subsidence and Displacement

In the first excavation cycle, the vertical displacements across the models were exam-
ined using the profile of z-displacement for the ground surface at 20 m depth and the
excavation roof at 130 m depth. In the Figure 12a,b below, among the five models, the TGS
model shows the least ground surface and immediate roof displacements at 44 mm and
48 mm, respectively.
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Figure 12. Vertical displacements. (a) Immediate roof displacement; (b) ground surface displace-
ment; (c) 9th coal slice excavated and backfilled; (d) 12th coal slice excavated and backfilled.

However, during the second excavation cycle, excavating the last six coal slices in a
given panel, the displacements across the models decrease, indicating that the backfill
bodies became active in supporting the overlying load. These displacement values con-
verge towards the ninth coal slice excavation across the five models (Figure 12c). Ground
displacements across the models are reduced to nearly 25 mm when the panel’s last coal
slice is excavated and backfilled (Figure 12d). Therefore, induced ground displacement
peaked across the models during the first excavation cycle, with TGS model ground dis-
placement at 44 mm and EOS ground displacement of 75 mm.

The numerical simulation shows that ground displacement for a particular panel ex-
cavation will not continuously increase throughout the excavation operation, but peak at
some point when the backfill bodies become active in bearing the overlying load and the
ground displacement will start to reduce and stabilize.

5. Discussion

Amongst the five simulated models (DOS, OES, EOS, DGS, and TGS), the TGS shows
the least level of induced ground displacement. The DOS model shows the most effective
stress redistribution along the coal workface. It experienced the least shear deformation.
However, the DOS is only practical with the application of web pillars and requires wait-
ing for the setting of the backfill slurry.In addition, the shear stresses across the models
show that the backfilled stopes are the zones with the highest shear deformations. This
supports other research findings that the stress limits of the surrounding intact coal slice
and rock are higher than the stress value of the backfill body.

Although the overburdens of the TGS and DGS models have relatively lower elastic
strain energies, the TGS model requires excessive dismantling and transporting of the au-
tomated CMCB equipment, due to the long distance between coal slices to be mined. In
the first excavation cycle, the DGS model (ground displacement 72 mm) shows that its
two coal slices acting as temporary pillars do not significantly reduce vertical displace-
ment compared with the EOS model (75 mm).
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These drawbacks will mean that the DOS and TGS models are less desirable for site
application, due to lower mineral recovery and operational time loss. Hence, the EOS or
OES model is more suitable given its effective stress redistribution, non-requirement of
web pillars and the fact that there is no excessive dismantling of CMCB equipment. The
DGS method’s ground displacement does not reasonably compensate for the time re-
quired to transfer mining equipment over a longer distance.

Therefore, the EOS and OES models show that a single intermediate coal slice is suf-
ficient to act as a temporary pillar and retaining wall for the backfill slurry, without the
interruption of the excavation operation and excessive dismantling and transfer of CMCB
equipment. Since the EOS and OES models have 75 mm and 74 mm ground displacement,
respectively, the OES is the most suitable mining sequence among the five models for the
automated CMCB method.

6. Conclusions

(1) The proposed automated continuous mining continuous backfill (CMCB) method
has mechanically integrated equipment such as the hydraulic support system, cou-
pled with addcars using a telescopic cylinder, continuous miner, decouple machine,
and a continuous haulage system.

(2) The model simulations show that induced ground displacements for a particular
panel excavation will not continuously increase throughout the excavation operation,
but peak when the backfill bodies become active in bearing the overlying load and
the ground displacement will start to reduce and stabilize.

(3) The slice mining sequence-variation simulation shows that the odd-even sequence
(OES) is the most efficient mining slice sequencing among the five slice variation
methods. This is due to its ground displacement, non-requirement of web pillars,
effective stress redistribution along the workface and less requirement for disman-
tling and transporting of mining equipment.

Author Contributions: Conceptualization, A.J.S.S.; Methodology, LM. and S.A.A.; Software,
S.A.A; Validation, LM. and A.J.S.S.; Formal Analysis, S.A.A.; Investigation, S.A.A.; Resources,
L.M.; Data Curation, S.A.A.; Writing—Original Draft Preparation, S.A.A.; Writing—Review and Ed-
iting, L.M. and A.J.S.S.; Visualization, L.M.; Supervision, L.M. and A.].S.S.; Project Administration,
LM. and A].S.S,; Funding Acquisition, L.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This paper was supported by the National Natural Science Foundation of China
(51874280) and the Fundamental Research Funds for the Central Universities (2021ZDPY0211).

Data Availability Statement: All data supporting the findings in this study are available from the
corresponding author on reasonable request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

1. Ministry of Natural Resources. China Mineral Resources; Ministry of Natural Resources: Beijing, China, 2018, pp. 5-7.

2. Bian, Z,; Inyang, H.I; Daniels, J.L.; Otto, F.; Struthers, S. Environmental issues from coal mining and their solutions. Min. Sci.
Technol. China 2010, 20, 215-223. https://doi.org/10.1016/s1674-5264(09)60187-3.

3. Shimada, H.; Chen, Y.; Hamanaka, A.; Sasaoka, T.; Shimada, H.; Matsui, K.J.P.E.; Science, P. Application of highwall mining
system to recover residual Coal in end-walls. Procedia Earth Planet. Sci. 2013, 6, 311-318.

4.  Bibb, T.C.; Hargrove, K.M. Method Selection, SME Mining Engineering Handbook; Society for Mining Engineering, Metallurgy and
Exploration: Englewood, CO, USA, 1992; pp. 1855-1866.

5. Xiuyun, Y.; Heng, Z.; Ho, P. Mining-induced displacement and resettlement in China: A study covering 27 villages in 6 prov-
inces. Resour. Policy 2017, 53, 408—418.

6. Kotyrba, A; Kortas, L. Sinkhole hazard assessment in the area of abandoned mining shaft basing on microgravity survey and
modelling —Case study from the Upper Silesia Coal Basin in Poland. ]. Appl. Geophys. 2016, 130, 62-70.



Minerals 2022, 12, 754 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

Palarski, J. Environmentally Friendly Mining Technologies in Polish Coal Mining Industries. In Proceedings of the 23rd World
Mining Congress & Expo, Montreal, QC, Canada, 11-15 August 2013. Available online: https://www.onemine.org/docu-
ment/abstract.cfm?docid=214074&title=Environmentally-Friendly-Mining-Technologies-in-Polish-Coal-Mining-Industries (ac-
cessed on 4 June 2022).

Palarski, J.; Plewa, F.; Strozik, G. Filling of voids in coal longwall mining with caving-technical, environmental and safety as-
pects. In Proceedings of the Mine Fill 2014: Proceedings of the Eleventh International Symposium on Mining with Backfill,
Perth, Australia, 20-22 May 2014; pp. 483-491.

Malinowska, A.A.; Hejmanowski, R. The impact of deep underground coal mining on Earth fissure occurrence. Acta Geodyn.
Geomater. 2016, 13, 184.

Jankowski, J.; Spies, B. Impact of longwall mining on surface water-groundwater interaction and changes in chemical compo-
sition of creek water. In Proceedings of the XXXV IAH Congress, Lisbon, Portugal, 17-21 September 2007 [CD-ROM].
Klenowski, G.; McNamara, P. Development of support systems for longwall mining in the Bowen Basin, Central Queensland.
In Proceedings of the 2020 Coal Operators’ Conference, Wollongong, Australia, 12-14 February 2020; University of Wollongong-
Mining Engineering: Wollongong, Australia, 2020.

Edmonds, C. Five decades of settlement and subsidence. Q. J. Eng. Geol. Hydrogeol. 2018, 51, 403-416.

Van Der Merwe, J.N. Effects of coal mining on surface topography in South Africa-updates and extensions. . S. Afr. Inst. Min.
2018, 118, 777-786.

Isiaka, A.L; Durrheim, R.J.; Manzi, M.S. High-resolution seismic reflection investigation of subsidence and sinkholes at an aban-
doned coal mine site in South Africa. Pure Appl. Geophys. 2019, 176, 1531-1548.

Tiwari, A.; Narayan, A.B.; Dwivedi, R.; Swadeshi, A.; Pasari, S.; Dikshit, O. Geodetic investigation of landslides and land sub-
sidence: Case study of the Bhurkunda coal mines and the Sirobagarh landslide. Surv. Rev. 2018, 52, 134-149.

Konicek, P.; Soucek, K,; Stas, L.; Singh, R.; Sinha, A. Practices to Control Rock Burst in Deep Coal Mines of Upper Silesian Coal
Basin and Their Applicability For Disergarh Seam of Raniganj Coalfield. In Proceedings of the ISRM International Symposium-
6th Asian Rock Mechanics Symposium, New Delhi, India, 23-27 October 2010; OnePetro: Richardson, TX, USA, 2010.

Yanli, H; Jixiong, Z.; Baifu, A.; Qiang, Z. Overlying strata movement law in fully mechanized coal mining and backfilling
longwall face by similar physical simulation. . Min. Sci. 2011, 47, 618-627.

Guo, W.; Zou, Y.; Liu, Y. Current status and future prospects of mining subsidence and ground control technology in China. In
Proceedings of the Coal 2009: Coal Operators’ Conference, Wollongong, Australia, 12-13 February 2009; University of Wollon-
gong & the Australasian Institute of Mining and Metallurgy: Wollongong, Australia, 2009.

Ma, L.; Jin, Z; Liu, W.; Zhang, D.; Zhang, Y. Wongawilli roadway backfilling coal mining method-a case study in Wangtaipu
coal mine. Int. ]. Oil Gas. Coal Technol. 2019, 20, 342-359.

Wang, P.; Zhao, J.; Chugh, Y.P.; Wang, Z. A novel longwall mining layout approach for extraction of deep coal deposits. Minerals
2017, 7, 60.

Yu, Y.; Ma, L.; Zhang, D. Characteristics of roof ground subsidence while applying a continuous excavation continuous backfill
method in longwall mining. Energies 2020, 13, 95.

Jin-Hua, W.; Zeng-hua, H. Innovation and Development of Intelligent Coal Mining Science and Technology in China. Coal Sci.
Technol. 2014, 42, 1-6.

Wang, G.; Zhang, D. Innovation practice and development prospect of intelligent fully mechanized technology for coal mining.
China Univ. Min. Technol. 2018, 47, 459-467.

Wang, G. New development of longwall mining equipment based on automation and intelligent technology for thin seam coal.
Coal Sci. Eng. 2013, 19, 97-103.

Ross, C.; Conover, D.; Baine, J. Highwall mining of thick, steeply dipping coal-a case study in geotechnical design and recovery
optimization. Int. |. Min. Sci. Technol. 2019, 29, 777-780.

Reid, D.C.; Dunn, M.T.; Reid, P.B.; Ralston, J.C. A practical inertial navigation solution for continuous miner automation. In
Proceedings of the 2012 Coal Operators’ Conference, Wollongong, Austrilia, 16-17 February 2012; Aziz, N., Kininmonth, B.,
Eds.; Mining Engineering, University of Wollongong: Wollongong, Austrilia, 2012.

Spearing, A.; Zhang, J.; Ma, L. A new automated, safe, environmentally sustainable, and high extraction soft-rock underground
mining method. S. Afr. Inst. Min. Metall. 2021, 121, 89-96.

Zhang, J.; Sun, Q.; Zhou, N.; Haiqiang, J.; Germain, D.; Abro, S. Research and application of roadway backfill coal mining
technology in western coal mining area. Arab. |. Geosci. 2016, 9, 558.

Walker, S. Highwall evolution. World Coal 1997, 44-48,50,52.

Trackemas, ].D.; Peng, S. Factors Considered for Increasing Longwall. Available online: https://www.coalage.com/features/fac-
tors-considered-for-increasing-longwall-panel-w (accessed on 2 January 2022).

Wang, C.; Hu, S.; Liu, K,; Chen, J.; Huang, R. Analysis and Research of Three Degrees of Freedom Double Parallel Hydraulic
Support. Saf. Coal Mines 2016, 47, 76-79.

Yang, Y.; Zeng, Q.; Zhou, J.; Wan, L.; Gao, K. The design and analysis of a new slipper-type hydraulic support. PLoS ONE 2018,
13, 0202431.

Hartcher, P.; Case, G. The experience of Addcar in highwall mining operations. In Proceedings of the 2019 Coal Operators
Conference, Wollongong, Austrilia, 18-20 February 2019; Aziz, N., Kininmonth, B., Eds.; Mining Engineering, University of
Wollongong: Wollongong, Australia, 2019; pp. 103-116.



Minerals 2022, 12, 754 17 of 17

34. Ogugz, S.; Stefanko, R. Evaluation of a Monorail Mine Haulage System; Pennsylvania State University, University Park (USA), De-

partment of Mining: State College, PA, USA, 1971.
35. Sun, Q.; Zhang, J.; Zhou, N. Study and discussion of short-strip coal pillar recovery with cemented paste backfill. Int. |. Rock

Mech. Min. Sci. 2018, 104, 147-155.



