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Abstract: Engineering site and shaft pillars are excavated to prolong the life of collieries and excavate
more underground coal. The Jinggezhuang colliery (‘JGZ’) is a resource-exhausted coal mine in
eastern China. It was determined that the industrial site and shaft pillar of JGZ would be extracted
in 2008. This study excavated an experimental panel to examine the effect of pillar excavation on
surface buildings in complicated geological conditions. A new pillar design was proposed based on
surface monitoring to increase the recovery ratio. To maintain the safety of the shaft and engineering
facilities, panel 0091 was mined and surface deformation was monitored during the experiment. The
deformation characteristics and parameters were obtained using a back analysis method. A new
pillar was designed using the parameters measured from panel 0091. The design maintained the
safety of the shaft but relaxed the restriction of the influence of constructions at the engineering
site. The prediction results of the surface subsidence and the deformation of the main building were
analyzed. The maximum subsidence of the surface was 7419 mm, but the surface subsidence of
the shafts was less than 10 mm. The shafts were weakly influenced by the pillar excavation. The
prediction results can be used as basic information for the monitoring and maintenance of buildings
in the future. Using the new pillar design, 2.54 million tons of coal resources were mined. This study
provides an engineering example and a reference for shaft pillar excavation in the future.

Keywords: mine subsidence; shaft pillar; protection pillar; probability integral method; deformation

1. Introduction and Geological Conditions
1.1. Introduction

Shaft pillar mining is typically carried out before closing a coal mine. The coal re-
sources available for mining have decreased owing to economic development and an
increase in coal mine production. Hence, mines are experiencing the problem of coal
resource exhaustion. Numerous collieries excavate shaft pillars to maximize profits before
they are closed. There are two main components of shaft pillar mining, i.e., the rock move-
ment theory and technologies for the protection of shafts and facilities. The relationship
between shaft and pillar positions has been investigated since the 1960s. Most of the
research in this field has focused on technologies such as symmetric extraction, harmonic
extraction, and partial caving [1]. In the Akabira Colliery, the shaft was damaged after
2.2 million tons of coal was excavated from the original shaft pillar [2]. Pillar safety is
generally evaluated using numerical models. Johnson designed a shaft pillar and stop area
and evaluated shaft stability using FEM (Finite Elements Method) simulation [3]. In Poland
and Germany, the Knothe theory and Kochmanski’s theory were primarily used to calculate
shaft subsidence and deformation [4,5]. Numerical simulation models, such as FIAC3P
and FEM, were used to calculate the influence of shaft pillar excavation [6-8]. The research
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on pillar failure shows that remnant pillars typically have a dynamic failure process and
brittle shear zones [9,10]. In recent years, surface mining subsidence monitoring technology
has developed rapidly. Differential interferometric synthetic aperture radar (DInSAR)
technology can obtain surface deformation with pairs of SAR images and has been used
widely in mining subsidence monitoring [11-13]. The surface deformation and settlement
caused by mining can also be obtained using multi-period lidar point cloud registration
calculation difference [14]. Those technologies are used widely and played positive roles
in the practice. Furthermore, the sensors, such as FBG and strain sensors used in the
shaft well deformation monitor [15], provide detailed internal monitoring information.
Underground measures are used in most collieries [16], such as partly excavating or using
the backfill mining method. A shaft is generally built on a simple geological area and it
can be mined at a low cost. Several shaft pillars have been mined successfully, such as
the Xinglongzhuang colliery in Yanzhou, Datong colliery in Huainan, and Dahuangshan
colliery in Xuzhou. However, there is no technology that can be generalized using in shaft
pillar mining. In situ measurement-based methods are important for preventing damage
to shafts [17]. Shaft pillars are generally built under industrial construction sites such as
shafts, hoist houses, coal wash plants, and office buildings. These buildings should be
protected when underground pillars are mined out. A shaft is a strategic passage for an
underground coal mine. Thus, a shaft pillar is typically mined immediately before a colliery
is closed and it should be investigated for safety before being mined. A large amount
of coal mine resources have been exhausted owing to economic development and large
energy consumption. This study has developed a method based on experiments to excavate
resources in complicated surface and underground conditions. The proposed method is
based on actual geological conditions and prioritizes safety. It provides an example for
industrial square and shaft pillar mining.

Fulfilling the aims of this study was expected to find a balance between coal resource
mining and building protection and try to improve the recovery rate while reducing the
loss of shaft and building. A new pillar was designed for the shaft based on the surface
monitored data. It can reduce the coal pillar under the shaft and extend the production
life of the mine as much as possible. In particular, this paper contains two parts research
contents. First, the precise leveling data and parameter inversion for the Probability Integral
Method (PIM). Second, the prediction and evaluation for the shaft and important buildings
affected. The purpose of this study was to extract the coal resource as much as possible
under the condition of ensuring the shafts and buildings safety.

1.2. Geological and Mining Conditions

The Jinggezhuang colliery (JGZ) is located in Tangshan, Hebei Province, East China;
the location of JGZ is shown in Figure 1. Mining was started at JGZ in 1979 and the annual
production is 1.2 million tons. JGZ is located in a soil deposit plain land. The field is flat,
with an elevation of +38.8 m in the north and +23.85 m in the south. The average elevation
is 35.6 m.

Mining was carried out at JGZ for 38 years and negligible coal resources remained. JGZ
was closed in 2017. It was determined that the industrial site and shaft pillar at JGZ would be
mined to excavate all coal resources. There are four coal seams in this pillar: 9% 11% 12-1%,
and 12-2* with thicknesses of 7m, 1.3 m, 1.5 m, and 5 m, respectively. The distances from o
to 11%, 11* to 12-1%, and 12-1* to 12-2% are 18 m, 17 m, and 4.5 m, respectively. The coal seam
angles are 4°~8° and 15°~25° above and below an elevation of —260 m, respectively.

The thickness of quaternary alluvium in this region is approximately 165 m. The
stratigraphic classification of the entire region is weak and medium hard and a brief
borehole histogram was outlined in the Appendix A in Figure Al. It can be seen from the
attached figure that the overlying strata are mainly composed of fine sandstone, siltstone,
medium sandstone, and their interbedding. In order to better explain the geological
conditions of the study area, the author provided a borehole histogram and put it in the
Appendix A. It can be seen from the attached figure that the overlying strata are mainly



Appl. Sci. 2023,13, 2340

30f16

composed of fine sandstone, siltstone, medium sandstone, and their interbedding. At
the beginning of the construction of JGZ, an industrial square protective coal pillar was
designed, which played a great role in ensuring the safety of mine production. However,
with the depletion of resources, continuing to retain the coal pillar in the original design
will waste a lot of coal resources. The managers hope to extract as much coal resources as
possible while ensuring the safety of the shaft. A new shaft pillar area is needed. Since 2008,
JGZ has faced difficulties in terms of coal production and cost owing to the exhaustion of
coal resources. To improve the plan of the subsequent production, panel 0091 was mined
with surface deformation monitoring as an experiment to study the surface deformation
characteristics and mine prediction parameters using the probability integral method (PIM).
Furthermore, provide new parameters for the new shaft pillar design.
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Figure 1. The location of JGZ and brief map of its industrial sqare.

2. Probability Integral Method Based on Stochastic Model

The PIM (also referred to as the geometry integral method) is a mine prediction
function based on the stochastic medium model [18]. It was first used in China by Baochen
Liu and Guohua Liao [1] in the 1960s. This method requires only eight parameters based on
site surveys and it provides reliable deformation results. In addition, the method is widely
used by engineers and technical personnel. The method is mostly used in China and it is a
government-recommended method for mine subsidence and damage prediction [19].

In this method, it is assumed that a rock is formed with a small stochastic element,
as shown in Figure 2, and that deformation (or subsidence) can be calculated based on
the deformation of small elements. It is believed that the mining surface subsidence is
caused by the relative movement of the particle model as shown in Figure 2. The particles
completely lose contact with each other and can move relatively. When the small particles
below are removed, a small cell of the adjacent cell of the upper layer will fall into the
removed cell grid due to gravity. According to this stochastic process, the probability
curve of surface movement P(x,z) similar to the bell function can be derived. To obtain
the surface movement curve after a large number of unit bodies have been removed, only
use integration with P(x,z). The subsidence of a small-element mining can be calculated
using Equation (1) [1]. The deformation for underground mining can be obtained using
Equations (2)—(6) [20].
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Figure 2. Theoretical model for calculating mining subsidence using probability integral method.
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where (x,y) are the coordinates of a surface point; ¢ is the direction angle of surface
movement; W is the maximum ground subsidence, provided by Wy = mgcosa; We(x,y) is
the subsidence of a small element mining; r is the major influence radius, which is provided
by r = H/tanp; H is the mining depth; g is the subsidence factor; b is the displacement
factor; m is the mining thickness; tanf is the tangent of the major influence angle; D is
the calculated mining area, which is obtained by subtracting the deviation of an inflection
point (S) from the actual mining area; n is the number of mining panels; and « is the dip
angle of the coal seam.

For an inclined coal seam, as shown in Figure 3 [20], the inflection point of a subsidence
curve is not located directly above the boundary of the goaf but at the dip-side point, O.
The angle between OC and the horizontal line is another probability integration parameter,
6o, which is referred to as the propagation angle of extraction. S is a parameter of the
inflection point. It is the distance between the overhanging roof and goaf boundary. The
inflection point shifts because of the overhanging roof.

Therefore, the parameters of the PIM are g, b, tanp, 6y, and S, where S is different
in the dip (51), rise (52), and strike (S3) directions. These seven parameters are required
for predicting mining subsidence and they can be calculated from the surface subsidence
observations acquired from neighboring stations.

0 0

0o

Figure 3. Diagram of PIM parameters of inclined coal seam.

Subsidence, tilt, curvature, horizontal displacement, and strain are denoted as
W,i,K, U, and ¢, respectively.

The PIM method is a semi-empirical physical model. The parameters can be obtained
from site survey data and, thus, reliable subsidence can be calculated. There are a lot
optimized inversion algorithms that can be used to calculate the PIM parameters, such as
the Gauss-Newton method, Macquard method, Modulus vector method, genetic algorithm
(GA) method, and swarm algorithm. In this paper, we used the GA method to invert the
PIM parameters. GA is a computational model of biological evolution process simulating
natural selection and genetic mechanism of Darwin’s biological evolution theory. It is a
method of searching the optimal solution by simulating natural evolution process. It used
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widely in parameter inversion. The detailed calculation process of GA inversion of the PIM
method can be found in papers [21,22].

3. Mining Experiment of Panel 0091 and Subsidence Monitoring
3.1. Introduction

Panel 0091 was mined as an experiment to mine the shaft pillar and maintain the safety
of the buildings in the industrial area. In addition, the site deformation was monitored
to obtain the surface movement law of the investigated area. Panel 0091 is located on the
southern boundary of the industrial and shaft pillars. Around the panel are the goafs of the
1970s and 1980s. The average floor elevation and surface elevation of the panel are —295 m
and +35.5 m, respectively. The average mine thickness is 6.9 m. The coal seam angle is
3°~12°, with an average of 7°. The strike length and tendency length were 1050 m and
116 m, respectively. The panel was mined from 1 August 2008 to 30 April 2010. Three site
survey lines were set in June 2008. The survey started in September 2008 and ended in May
2010 and it was carried out 29 times. The schematic of the panel and survey lines is shown
in Figure 4. Line A consisted of 19 points (A1-A18 and XM). All site points were set along
a road. The interval between consecutive points was 30 m.
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Figure 4. Schematic of survey lines and panel 0091.

Line B consisted of 11 points (B1-B11). It was located in the western part of the
industrial area. The distance between consecutive points was 30 m.

Line C consisted of 9 points (C1-C9). It was located close to the hoist house of the
auxiliary shaft and used to obtain the deformation of the hoist house. The interval between
consecutive points was 10 m.



Appl. Sci. 2023,13, 2340

7 of 16

S3 leveling was used in the survey with fourth-order leveling (mean square error per
kilometer <5 mm). All the results were consistent with mine surveying regulations [23].

3.2. Measured Subsidence

The subsidence of lines A and B are shown in Figure 5. The following parameters can
be obtained through data analysis:

(1) Subsidence boundary angle: As defined in the regulation [19], the subsidence of
point C6 is 10 mm and this can be considered as the subsidence boundary. The
distance between C6 and the panel boundary is 274 m. The mine depth is 318 m. The
subsidence boundary angle of the rise face is 49°.

(2) Maximum subsidence angle: B10 represents the maximum measured subsidence. The
distance between B10 and the panel center is 33.7 m and the mine depth of the center
is 333 m. Thus, the maximum subsidence angle is 84°.

(3) Advance angle: According to the data of B9, the inital influenced distance is 189 m.
Thus, the advance angle is 61°.

(4) The subsidence of B10 is used to study the dynamic subsidence laws. As shown in
Figure 6, the maximum subsidence velocity is 1059 mm/month. The velocity is more
than 50 mm/month for 124 days.
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Figure 5. Mine subsidence of lines A and B of panel 0091 starting from 2 September 2008. (a) Subsi-
dence of line B. (b) Subsidence of line A.
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4. Pim Parameter Back Analysis Based on Line B Data.

4.1. Ga Method of PIM Parameter Back Analysis
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It is necessary to obtain reliable mining subsidence parameters to predict the shaft

pillar mining subsidence. A GA method is used for PIM parameter back analysis [24,25].
This method uses a GA and the minimum mean square error criterion based on the
subsidence inversion to obtain the PIM parameters. The main process flow is shown in

Figure 7 [24].
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Figure 7. PIM parameter inversion flowchart based on GA.
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The GA method with its crossover, mutation mechanism, and global optimization
superiority can invert the PIM parameters and obtain reliable results.

4.2. Results

The back analysis results obtained using the inversion model are

g =0.88

tanB = 1.61

o = 85°

S/H = 0.05.

The plot of the back analysis results versus the measured data is shown in Figure 8.
The back analysis results are in agreement with the measured subsidence. Therefore, the
parameters can be used for predicting the shaft pillar mining subsidence in the future.

0

500 -

1000 |-
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Subsidence(mm)

BackAnalyzed —@—
1500 |

2000 [

150 200 250 300
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Figure 8. Back analyzed subsidence vs. measured subsidence.

5. New Shaft Pillar and Panel Design

Shaft pillar mining is an integrated technology for unconventional underground coal
mines. A shaft pillar influences the buildings constructed on the surface, such as head
frames, shafts and their facilities, shaft stations, and tunnels. It is a 3D space protection
system. The research and design of shaft pillars has two purposes. The first is to minimize
the influence of shaft pillars on surface buildings. The second is to ensure the safety of
production facilities.

According to the excavation and monitoring results obtained for panel 0091, a new
shaft pillar was designed to improve the recovery ratio. The new design was based on
two rules. The first was that the required protection level of the buildings in the industrial
square should be reduced.

The second was to ensure the safety of the shaft until the colliery was closed.

A new shaft pillar was designed with a boundary angle of = 49° obtained from panel
0091, as shown in Figure 9.

The panels were designed for production until the coal mine was closed in December
2017. The schematic of the new panels is shown in Figure 10 and their parameters are
provided in Table 1.

Table 1. Mine scheme and plan of JGZ.

Panel No. Mine Time Mine Depth (m)  Mine Thickness (m) Dip Angle (°) Production (t)
0091 2008.08~2009.05 —290~—321 6.8~7.1 3~12 1,177,039
0092 2010.06~2011.05 —282 ~ =321 6.8~7.1 4~ 8 643,910

0021D 2014.01~ 2014.12 —334~—339 4.75~5.15 1~9 610,488
0090N 2015.01~2015.08 —228~—-297 3.5~5 1~19 281,536
0094 2015.08~2016.01 —276~-301 4 2~14 210,790
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Table 1. Cont.

Panel No. Mine Time Mine Depth (m)  Mine Thickness (m) Dip Angle (°) Production (t)
2015.07~2015.11 14,141
0024B 2016.05~2016.07 —314~=340 17~2 1~14 69,118
0096 2016.07~2016.11 —271~—289 4.6~4.8 1~11 148,404
0025D 2016.12~2017.04 —325~—349 3.6~3.8 3~12 133,063
0098 2017.10~2017.12 —275~—285 5.6~7.0 0~4 309,120
Main Shaft
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Figure 9. Geology of Section 1-1.
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6. Prediction of Ground Movement
6.1. Displacement of the Ground

Building maintenance data are required to maintain the safety of buildings and prevent
damage to buildings. The mine subsidence was predicted using the parameters obtained
for panel 0091 and displacement factor b = 0.3. The ground movement was predicted
using the PIM model. The results are shown in Figure 11 and the maximum deformation
values are shown in Table 2.
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Figure 11. Subsidence contours and displacement vectors.

Table 2. Maximum deformation of ground.

w i K u £
mm mm/m mm/m? mm mm/m

7419 40 —0.465~0.273 3620 —32.196~17.516

6.2. Subsidence and Deformation of Surface Buildings

The new design considered the safety of the shaft. However, the surface buildings were
damaged because of excavation. Therefore, it was necessary to predict the deformation
of the surface buildings. There are several buildings in the industrial square (the images
of a few buildings are shown in Figure 12) and a few of them are deformation sensitive.
These buildings are key production facilities and should be repaired regularly if they are
damaged owing to ground deformation. The positions of these buildings are shown in
Figure 13. In order to evaluate the impact of mining on buildings, we adopt the evaluation
standard provided by the Coal Industry Bureau of China (CIB), which is a deformation
damage evaluation index based on the statistical summary of China’s masonry structures.
It provides a reference basis for evaluating the damage of surface buildings caused by
mining subsidence. The reference criterion is provided in Table 3. As the index shown
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in Table 3, building damage is divided into four levels according to surface deformation,
inclination, and curvature. Among which, rank I and II are the small deformation influence
level and 111, IV grades are the serious ones.

(d)

Figure 12. Images of a few deformation sensitive buildings. (a) Main Shaft. (b) Auxiliary Shaft.
(c) Air Shaft. (d) Office Building. () Community Building. (f) Water Tower.

7800 8000 8200 ] 8400 8600 8800

0081

0091

00wl

00zL

0001

I II i IV

Figure 13. Deformation level partition map. AS: Air Shaft, Aus: Auxiliary Shaft, CB: Community
Building, FD: Fire Department, FR: Fan Room, GST: Gangue Separation Tower, HT: Hostel HR1:
Hoister Room of Main Shaft, HR2: Hoister Room of Auxiliary Shaft, MS: Main Shaft, and WT:
Water Tower.
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Table 3. Reference damage level for brick-masonry buildings.
Surface Deformation
Level £ K i Classification
(mm/m) (mm/m?) (mm/m)

I <2 <0.2 <3 Minor

I <4 <04 <6 Mild
111 <6 <0.6 <10 Moderate
v >6 >0.6 >10 Serious

A predicted damage partition map can be obtained using the deformation criterion of
brick-masonry buildings, as shown in Figure 13. The deformation parameters for various
buildings are provided in Table 4. As predicted, the pillar excavation has caused level IV
damage to a few buildings and these buildings must be repaired or demolished for safety.
However, the pillar with the new design has a negligible influence on the shafts. The main
shaft, auxiliary shaft, and air shaft are located outside of the mining subsidence influence
area of the shaft pillar mining.

Table 4. Deformation parameters of buildings at engineering site.

Buildin Subsidence Tilt Curvature Displacement Strain Damage Level
8 (mm) (mm/m) (mm/m?) (mm) (mm/m) 8
CB 322 6.96 —0.015~0.111 473 —1.13~7.45 v
FD 341 6.97 —0.026~0.104 472 —1.85~6.95 v
HT 165 3.99 —0.015~0.076 272 —1.06~5.16 I
HR2 34 0.82 0.017~0.021 55 1.20~1.38 I
FR 25 0.89 —0.003~0.027 58 —0.21~1.79 I
AuS 6 0.18 0.004~0.005 12 0.25~0.38 Subsidence <10 mm
MS 2 0.00 0.000~0.003 5 0.01~0.21 Subsidence <10 mm
AS 0 0.00 0.000~0.000 0 0.00~0.00 Subsidence <10 mm

As shown by the results in Figures 11 and 13 and Table 4, some of the buildings and
facilities will be damaged by the surface deformation. However, the office building (OB),
main shaft (MS), auxiliary shaft (Aus), air shaft (AS), and water tower (WT) are outside the
scope of influence. Those important buildings or facilities can ensure that the production
of the coal mine is not affected. The influenced buildings are listed in Table 4 and these
can be used as the design accordance for maintenance. However, other buildings at the
engineering site should also be considered in the maintenance plan.

7. Discussion

Energy consumption has increased significantly owing to rapid economic development
in the last thirty years. The annual coal production in China is approximately 3.68 billion
tons [26]. This has caused coal resource exhaustion in numerous collieries in East China.
A few collieries must face bankruptcy and be closed. For most collieries, the engineering
site and shaft area pillars are the only remaining coal resources. The excavation of these
pillars can not only provide economic benefits and prolong the life of collieries but also
reduce the wastage of coal resources. The following three aspects should be considered for
pillar excavation:

1.  The most important aspect is that excavation should not be carried out before a shaft
is closed. In addition, mechanical analysis may be required in a few cases.

2. Mine subsidence should be predicted to determine the influence of surface subsidence
on engineering facilities and buildings.

3. For deformation sensitive facilities, deformation monitoring and warning are the best
methods of preventing loss of life and economic damage. This study used the PIM
for predicting mine subsidence. The parameters obtained from the field-measured
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data were reliable and robust. However, as it is based on the discrete medium theory,
it is difficult to calculate the stress and strain inside the rock. Therefore, if shafts
are influenced by pillar mining, further analysis based on mechanical simulation is
necessary. The major challenge is to balance economic benefits and safety.

Until the closure of the colliery in December 2017, 2.54 million tons of coal resources
were extracted from the mining of pillar 0091 in 2008. This provided not only economic
benefits but also sufficient time to resettle industrial workers in an orderly manner.

8. Conclusions

Surface buildings can be damaged by the deformation caused by mining subsidence.
Underground pillars are used to prevent this damage. However, engineering site and
shaft pillars are the only remaining coal resources for a colliery before it closes. As shafts
are crucial passageways in coal mines, it is difficult to maintain a balance between coal
production and safety. The results of this study demonstrate the following key points for
shaft pillar mining:

(1) First, a mine experiment with a deformation monitor is required. The mining sub-
sidence geometry characteristics and prediction parameters can be obtained from
experimental data analysis.

(2) A new pillar should be designed on the basis of the parameters of the research area.
The pillar should ensure that the safety of shafts are maintained until they are closed.

(3) Deformation should be predicted and analyzed to ensure the safety of buildings and
facilities at the engineering site.
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Appendix A
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Figure A1. Brief borehole histogram (reproduced from the geological report of JGZ 2006).
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