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In this paper, a numerical calculation model of the mining face was established to
analyze the rational size of coal pillars in the goaf on both sides by using FLAC*®
based on the mining geological conditions in the pilot area. Furthermore, the
feasibility of co-ordinated reinforcement with steel pipe column was explored,
which can be applied to the recycling of residual coal resources like protecting
coal pillars and of great value to increase the recovery rate in gobs as well.
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Introduction

With the long-term high-intensity mining of coal resources, many mines begin to
enter the period of resource exhaustion, so it becomes particularly important to keep the effi-
cient recovery of coal resources like protecting coal pillars and well field corner coal pillars in
the mining area, which is of great significance to improve the recovery rate of re-
source-exhausted mine, to extend the service life of mine and to relieve the employment
pressure of personnel. Actually, there are amounts of coal column reserves left in the working
face, providing a recoverable resource for exhausted mines. However, due to the irregular
resource distribution, complex geological environment and high surrounding rock stress, the
stability of the roadway among the protected coal pillars in recovery working face is poor,
which means that the wide roadway protection coal pillars are required to be left. On the other
hand, the size of the coal column in the transportation roadway vary from the different posi-
tions of stop line in each working area, which could lead to plenty of problems such as low
resource recovery rate, large surrounding rock deformation, poor economic benefits and so
on. Therefore, the size optimization of coal pillars and collaborative control of the surround-
ing rock under bilateral mining conditions have to be settled urgently.

In view of the problem of protecting pillar resource recovery in gobs, Smart et al.[1]
obtained the strength values of coal rock specimens from a large number of experiments,
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applied them to pillar strength calculation through certain correction parameters ,and pro-
posed the Hollad-Gaddy formula. The Austrian Engineer, Rabcewicz [2] put forward a new
construction plan on the basis of summarizing previous construction experience. Its con-
struction principle is: to make full use of the carrying capacity of the surrounding rock it-
self, to use rock bolts and shotcrete as the main support method, to timely reinforce the
surrounding rock, to prevent the destruction of surrounding rock, and finally to achieve the
purpose of controlling the stability of surrounding rock. Hui et al. [3] conducted the defor-
mation and failure of roadway surrounding rock rules in no support, anchor beam network
cable support and bracket support, those three different support forms under the dynamic
pressure along the roadway in gods when the coal pillar width is certain. Also he analyzed
the deformation under different support means, and built up the exactly support forms suit-
able for different conditions. Zhai et al. [4] analyzed the lithology characteristics of the roof
and coal seam and the stress characteristics of the roadway in the pilot area, pointed out the
high strength and high pre-tension anchor network cable support system, and designed the
support of the roadway along gobs in order to effectively control the deformation of sur-
rounding rock.

In this paper, the influence of coal pillars size to the surrounding rock deformation
among roadway in working face was analyzed [5-7], and also the cooperative bearing rule of
concrete steel tube column and small coal column in the roadway were discussed. The results
show that research has important theoretical value and practical significance to improve the
roadway surrounding rock control effect of high stress island pillar working face, to reduce
the pillar size, to improve the pillar resource recovery rate, and to ensure the safe and efficient
production of resource-exhausted mines.
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Figure 1. Top view of small coal column

Engineering background

Zhangcun Coal mine where is located in Changzhi City, Shanxi Province was cho-
sen as a pilot site. According to the geological conditions of the protected coal pillar mining
face in 25 mining area, the buried depth of No. 3 coal seam in the mining area is 400 m, and
the direct top thickness of 5.89 m is composed of sandy mudstone. The average thickness of
the old top is 6.0 m, which is made up of medium grain quartz sandstone and siltstone. The
bottom plate with a thickness of 9.15 m consists of black mudstone and fine sandstone main-
ly, followed by sandy mudstone and siltstone. The foundational mechanical properties of each
rock formation are shown in tab. 1.
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Table 1. Basic mechanical parameters of surrounding rock

Sample Tensile strength [MPa] Compressive strength [MPa]
Sandy mudstone 1.54 26.8
siltstone 3.92 54.6
Fine sandstone 2.29 15.4
mudstone 2.61 33.7

Simulation scheme design

The stability analysis model of the small coal pillar roadway was established with
the geological conditions of the experimental area, as shown in fig. 2. Thenumerical model
sizewas 285 m x 96 m x 76.4 m. The whole model had 256280 units and 269984 nodes.
Mohr-Coulomb model was adopted as rock formation configuration, and large deformation
mode was used to simulate the deformation. What’s more, the roadway size was 3500 mm x
5000 mm, and the surrounding rock was supported by anchor rod. Further, the upper surface
of 10 MPa equivalent load was applied, with sliding boundary and fixed boundary at the bot-
tom. Additionally, the calculation model would approximate the rock mass, coal seam and
filling area as homogeneous, continuous and isotropic media, which only considered the dead
weight stress and ignores the influence of structural stress.

(a) (b)

Figure 2. (a) Calculation model of small pillar roadway and (b) calculation model of pillar-steel
tube column cooperative support roadway

This model was mainly considered the influence of the pillar size and the steel tube
column support on the stability of the roadway in the mining area. Designing three calculation
schemes of 5 m, 10 m, and 15 m pillar sizes, the concrete steel tube column with the diameter
of 1200 mm was arranged to jointly support the small coal pillar of 5 m. Through the calcula-
tion and comparative analysis of the four schemes, the optimal coal pillar size of the roadway
in the recovery working face of the isolated island coal pillar was determined. Then the rein-
forcement mechanism of the small coal pillar under the cooperative support condition of the
steel tube column was further investigated.

Stress distribution of surrounding rock in small coal pillar roadway

The stress distribution characteristics of roadway surrounding rock reflects the
bearing state of roadway roof, small coal pillar and solid coal gang, and also provides a
basis for the stability evaluation of small coal pillar on the recovery face of protective coal
pillar in the mining area. By the way, the cloud map of the surrounding rock stress distribu-
tion in the small coal pillar roadway in the mining area under the four scheme conditions is
exhibited in fig. 3.
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Figure 3. Vertical stress cloud diagram of the small coal pillar roadway

As can be seen from fig. 3, the stress concentration of the small pillar roadway
mainly occurs in the top corner, bottom corner of the roadway and inside the small pillar. The
maximum vertical stress of the pillar gang is significantly higher than that of the solid coal
gang, and the distribution range of the internal stress rise area of the small pillar is greater
than that of the solid coal gang. When the pillar width is greater than 5 m, the maximum ver-
tical stress in the width of the pillar decreases. At 10 m and 15 m pillar width conditions, the
maximum vertical pressure of the pillar help is 17.1 MPa and 16.4 MPa, respectively. When
the width of the pillar is 5 m, the large additional load of the roof causes the pull-shear dam-
age inside the pillar, which reduces the carrying capacity of the pillar, and then causes the
damage and instability of the small pillar. What’s more, the concrete steel tube column is used
to jointly support the 5 m small coal pillar, the distribution range of the stress rise area of the
coal pillar is significantly larger than when the concrete steel tube column is not used, and the
distribution uniformity of the stress inside the coal pillar is better.

In order to further analyze the change law
of the internal stress with the size of the pillar,
take the horizontal measurement line of the
vertical direction of the pillar and draw the
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pillar increases from 10 mto 15 m, the maximum  Figure 4. Vertical stress curve of coal pillar
vertical stress does not decrease significantly. In

addition, when the width of coal pillar is 10 m and 15 m, there is a wide range of elastic nuclei
in the coal pillar. When the width of coal pillar is less than 10 m, increasing the width of coal
pillar has a significant effect on the optimization of the stress distribution of coal pillar. While
the width of coal pillar is larger than 10 m, increasing the width has no significant effect on
improving the stability of coal pillar. Therefore, under the condition that concrete steel tube
column are not used for collaborative support, the reasonable width of coal pillar in the re-
covery working face of protective coal pillar in the mining area is 10 m.
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Under the condition of cooperative support of 5 m small coal pillars by using con-
crete filled steel tube columns, the maximum vertical stress in the coal pillar decreases from
22.8 MPa to 18.3 MPa (19.7% reduction), which is basically equal to the maximum vertical
stress at 10 m and 15 m. Concrete-filled steel tube column plays a good synergistic support
role for the roof plate, and the maximum vertical stress in the small coal pillar falls back to a
reasonable level. This shows that the stability of 5 m small coal pillar is good under the syn-
ergistic support action of concrete filled steel tube column.

Deformation law of surrounding rock in small coal pillar roadway

The deformation law of small pillar roadway can directly reflect the surrounding
rock control effect of the mining area, and is also an important basis for evaluating the stabil-
ity of small pillar roadway. Figure 5 illustrates the vertical displacement of cloud around the
roadway in the mining area.
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Figure 5. Cloud image of vertical displacement of roadway surrounding rock

From fig. 5, as the pillar width increases from 5 m to 15 m, the subsidence of the
roof gradually appears within 3.44 m away, with the increase of the pillar width, the defor-
mation of the roadway roof decreases significantly. It exerts that increasing pillar width af-
fects the deformation control of high stress island working surface. Contrast different vertical
displacement under the width of the cloud map can be seen:the vertical displacement contour
distribution of 5 m small pillar is dense, which refers to acute vertical deformation of 5 m small
pillar because of the additional load and rotation effect by hanging top roof in the goaf. In other
words, it intensified the pillar side roof sinking, which lead to the surface of the roadway roof
sinking curve presents significant asymmetry. Nevertheless, under the condition of using con-
crete filled steel tube pillar to jointly support the 5 m small coal pillar, the roof surface and deep
base point sink decrease significantly, and the 8= 5 rem ool pilar (with concrels fled sioel tubilar colurnn)
asymmetry of deformation is weaken. It is veri- _ 200 ~®ommeodpilar —&=i0mmcodpiler =16 mm colpiler
fied that the combined structure of 5m small coal £ '®T  sideroofof  Roadway roof . Soid coal
pillar + concrete steel tube column plays a good g '*°f merov coAPIET a0 odezagt
supporting role in the vertical direction of the W
mined side of the roadway.

The curves in fig. 6 exhibits the subsid-
ence curve of the roadway roof of the protected
coal pillar recovery working face in the mining
area. The sinking amount of the pillar roof is
significantly greater than the solid coal cap. The A . .
sinking amount of the solid coal roof is only el - .U N

Horizontal distance of roof [m]

about 53% of the coal pillar cap, and the maxi- Figure 6. Subsidence curve of the roof
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mum sinking amount of the roof is located at the small pillar side in the middle of the road-
way. Under the coal pillar width of 5 m, 10 m, and 15 m, the maximum subsidence of road-
way roof is 162 mm, 133 mm, and 122 mm, respectively, tab. 2. Under the condition of using
concrete filled steel tube column to jointly support the 5 m small coal pillar, the maximum
sinking amount of the roadway roof is 136 mm, which is basically equal to the roof sinking
amount of the 10 m coal pillar width and reduced by 16% compared with the 5 m coal pillar.

Table 2. Maximum vertical displacement of roof

Sample Maximum vertical displacement [mm]
_ 5 m coal pillar 136
(with concrete filled steeltubular column)
5 m coal pillar 162
10 m coal pillar 133
15 m coal pillar 122

The smaller pillar width has a significant effect on improving the recovery rate of
coal resources in the mining area. Also, it is crucial to extend the service life of re-
source-exhausted mines and improve the economic efficiency. So, a smaller coal pillar size
should be adopted under the premise of meeting the surrounding rock safety control re-
quirements of the high stress island surface roadway. Using concrete filled steel tube col-
umn and small coal pillar to support the roof is in favor of the stability of small coal pillar
roadway on high stress island surface and will greatly reduce the coal pillar width of high
stress roadway.

Conclusion

When the roadway along small coal pillars in the protecting coal pillar recovery-
working face suffers from the action of superimposed load in double side goaf, it is very sig-
nificant to effectthe roadway deformation by controlling thewidth of the coal pillar. When the
pillar width is greater than 10 m, it’s able to basically meet the requirements of surrounding
rock control for pressure relief roadway. On the other hand, when the pillar width is 5 m, it
raises the risk of large deformation which happens to the roadway. The combined support
structure of 5m small coal pillar + concrete filled steel tube column not onlyimproves the
surrounding rock stress distribution of high stress of small coal pillar roadway, but also con-
trols the convergence deformation of roadwayeffectively. What’s more, it improves the stabil-
ity of small coal pillar as well. In generally, the combined support structure plays an im-
portant role in reducing the size of coal pillar recovery working face in the mining area in
deed, improving the recovery rate of residual resources and ensuring the safety of high stress
roadway. This paper provesthe feasibility of the combined support structure of 5m small coal
pillar + concrete filled steel tube column in the roadway maintenance of high stress island
working surface. However, the optimization of the column diameter, filling material strength
and column spacing is not involved, and the analysis of relevant parameters should be carried
out in the further study.

Acknowledgment

This work is supported byNational Key Research and Development Projects of Chi-
na (No. 2019YFC1904304and2019YEE0118500), Natural Science Foundation of Jiangsu
Province (No. BK20200634), National Natural Science Foundation of China (No. 52104107).



Gong, P., et al.: Size Optimization and Co-operative Support Mechanism ...

THERMAL SCIENCE: Year 2023, Vol. 27, No. 1B, pp. 697-703 703
References
[1] Smart, B., et al., Conclusions From Strata Mechanics Investigations Conducted by Cardiff and Strathclyde

(2]
(3]

(4]
(5]
(6]
[7]

Universities at Long wall Faces, International Journal of Rock Mechanics and Mining
Sciences&Geomechanics Abstracts, 141 (1982), 246, pp. 539-546

Rabcewicz, L., et al., Stability of Tunnels under Rock Load, Soils and Foundations, 21 (1969), 8

Hui, G.-L., et al., Physical Simulation on Deformation Rules of God-SideRoadway Subjected toDynamic
Pressure, Journal of Mining and Safety Engineering, 27 (2002), 1, pp. 77-81

Zhai, W.-L., et al., Application of High Strength and High Pretension Anchor Network Support
Technology in Deep Mine Roadway Along Gob, Safety in Coal Mines, 49 (2010), 12, pp. 79-82

Zhang, K.-X., et al., Determining the Reasonable Width of Narrow pillar of Roadway in Gob Entry
Driving in the Large Pillar, Journal of Mining & Safety Engineering, 31 (2014), 2, pp. 255-262

Yang, J.-P..et al., Rational Width of Narrow Coal Pillar and Control Technology of Surrounding Strata at
Roadway Driven Along Goaf, Journal of Liaoning Technical University, 32 (2013), 1, pp. 39-43

Qi, W.-Y ., et al., Design of Coal Pillars of Gob-Side Entry between Mining Faces With Large Differences
in Mining Height in Deep Mine, Energy Sources, Part A; Recovery, Utilization, and Environmental
Effects, 42 (2020), 21, pp. 2648-2663

Paper submitted: March 15, 2022 © 2023 Society of Thermal Engineers of Serbia.
Paper revised: November 1, 2022 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: November 10, 2022 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/

