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Abstract. 1t is shown that the creation of the variants of resource-saving systems for the development of long-column
mining is one of the main directions for improving the technological schemes for mining operations in the mines of the
Kuang Nin coal basin. They provide a reduction in coal losses in the inter-column pillars and the cost of maintaining
preliminary workings fixed with anchorage. The implementation of these directions is difficult (and in some cases
practically impossible) when tight rocks are lying over the coal seam, prone to significant hovering in the developed
space. In the Quang Ninh basin, 9-10 % of the workings are anchored, the operational losses of coal reach 30 % or
more; up to 50 % of the workings are re-anchored annually. It is concluded that the real conditions for reducing coal
losses and the effective use of anchor support as the main support of reusable preliminary workings are created when
implementing the idea put forward at the St. Petersburg Mining University: leaving the coal pillar of increased width
between the reused mine working and the developed space and its subsequent development on the same line with the
stoping face simultaneously with the reclamation of the reused mine working.
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Introduction. The Quang Ninh coal basin is the main coal mining area of Vietnam, providing
about 95 % of the underground extraction of high-quality coal grades Zh and K. The development
of the most liquid flat-lying coal seams of medium capacity is carried out using a long-column
mining system, which includes the preparation of columns by double preliminary workings. Coal
pillars are left between the excavation sites to ensure a technologically satisfactory condition of the reused
preliminary workings [1].

This development system in various variants is widely used in promising mines in Russia, China,
Australia and other coal-mining countries [2-5] when excavating flat-lying and inclined coal seams using
high-performance stoping equipment in longwalls. The main factors determining the need for this devel-
opment system in modern market conditions of mine operation are the possibility of achieving high labor
productivity and low cost of stoping operations [6-8]. The significant disadvantages of the long-column
mining system are: significant operational losses of coal in the inter-column pillars, exceeding 15-20 %
of the balance reserves [3, 9, 10]; the formation of areas of increased rock pressure under and above the
pillars, which negatively affects the development of the converged layers; an increase in the danger of
mining operations by the factors of “rock bursts” and “sudden bumps”’; increasing the probability of spon-
taneous combustion of coal in the developed space [11, 12]. The negative impact of disadvantages on coal
losses, the economic performance of mines and the safety of mining operations increase as mining oper-
ations move to deeper horizons [3, 13-15].
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Prospective coal mines of the Quang Ninh coal basin work out flat-lying or inclined coal seams
with a capacity of 1.5-2.5 m at depths of 300-400 m in one layer. The maximum depths of the pro-
ductive layers reach 650 m or more. Data on the physical and mechanical properties of the host
rocks in the mines of the Quang Ninh coal basin are given in the table.

Physical and mechanical properties of host rocks
(according to the Vietnamese coal company Vinacomin) [16-18]

Maximum values
. . . i The angle
Lithological variety of rocks Uniaxial compression | Tensile strength, | Bulk density, Adhesion of inter%lal
3 force,

strength, MPa MPa g/sm MPa friction, deg
Sandstone (tight roof rocks) 177 22 2,9 112 34
Siltstone 108 17 2,8 103 33
Mudstone 20 16 2,6 33 31

The mines are characterized by relatively low values of the absolute and relative gas content of
the excavation sites, which do not require special measures for the degassing of the formation and the
developed space. The length of the excavation columns is 300-800 m, the rate of movement of the
longwalls is 15-25 m/month. Stoping works in longwalls are carried out using drilling and blasting
operations (95 %) and combines (5 %). Barring of the bottom-hole space of the longwalls is carried
out with complete fasteners of the XDY, ZH, GK type. Frame (at least 90 %) and anchor supports are
used as the main support in preliminary workings.

The width of the coal pillars left between adjacent excavation columns in the mines of the
Quang Ninh coal basin is 20-30 m or more. The actual operational losses of coal in the pillars reach
20-30 % of the balance reserves of the excavation sites [1, 16, 18]. During the transition of mining
operations to deeper horizons, the width of the pillar increases. At the same time, the sharpest increase
in this parameter is observed at depths exceeding 200-250 m. A similar change in the width of the
pillar is observed in many mines around the world [9, 20, 21]. Thus, in the Kuznetsk Basin, the actual
width of the inter-column pillars increased from 20-25 to 40-45 m with an increase in the depth of
mining operations from 170-200 to 400 m [3, 12, 22].

Attempts to reduce the operational losses of coal by reducing the width of the pillars lead to an
increase in the costs of maintaining preliminary workings and production losses during downtime of
longwalls associated with the repair of workings.

When using known variants of the long-column mining system [23], the presence of a layer of
tight rocks in the roof is among the factors that negatively affect the amount of operational losses of
coal in the pillars, as well as the cost of drifting and maintaining (Fig.1) reusable site preliminary
workings.

The tight roof rocks of the Quang Ninh coal basin, according to their cavability, belong to the II and
III classes according to the classification of the VUGI (former AllFUnion Coal Institute).

Fig.1. The state of reused preliminary workings, fixed with arch (a) and anchor (b) fasteners,
during the development of formation 11 (Hecham mine) with tight rocks of the main roof
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losses of coal in the pillars and the volume of repair work in reused preliminary workings
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Fig.2. Research algorithm

Class II — in the immediate roof there is a thickness of free caving rocks with a capacity of less
than 6-8 times the capacity of the seam being developed. Above there are tight rocks, the collapse of
which occurs after a certain time after their exposure on a significant area. Class III — a thick seam of
tight rocks lies directly above the formation, the collapse of which occurs when they are exposed over
a significant area (VNIMI, 1954).

In the conditions of the Quang Ninh coal basin mines, the mining of coal seams with tight
roof rocks prone to significant hovering in the developed space is characterized by the greatest
operational losses of coal, the almost complete absence of workings fixed with anchorage, and
significant production losses associated with downtime of longwalls during repair work in reused
workings [24-26].
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The purpose of the research is to develop a resource—saving technology for excavating flat-lying
coal seams with tight roof rocks, which ensures a reduction in operational losses of coal in the pillars
and the volume of repair work in reused site preliminary workings (Fig.2).

Of particular importance is the solution of this problem when using anchor supports as the
main supports of reused workings. Anchor supports in comparison with frame ones have a number
of advantages that significantly reduce production costs and increase labor productivity [11, 27-29].
The use of anchor supports allows 5-9 times to reduce the consumption of rolled metal, timber, concrete;
3-5 times to increase the productivity of work when fixing workings; 2-3 times to increase the rate of
tunneling of workings; 1.5-2.2 times or more to reduce the cost of ensuring a technologically satisfactory
condition of the workings during its lifetime [30-32].

The relevance of the problem solution under consideration for the conditions of the Quang Ninh
coal basin mines of Vietnam is evidenced by the following facts:

* the percentage of seams in the roof of which tight rocks are deposited is at least 30 %
of the total number of seams being developed [17, 18];

* despite the great attention paid by the Vietnamese coal company Vinacomin to the implemen-
tation of anchorage, the actual length of site preliminary workings fixed with anchorage does not
exceed 10 %;

* losses of highly liquid coal in the pillars left between the excavation columns amount
to 20-30 % or more, which reduces the service life of the mine (by about 25 %).

Methodology. To solve the tasks set, a comprehensive research method was applied (Fig.2):
analysis of practical experience in mining flat-lying coal seams of medium capacity; physical
and numerical modeling to study the stress-strain state of rocks above the marginal part of the coal
rock mass [33-35]; mine studies of the influence of mining factors on the state of site preliminary
workings [2, 36-38].

Results discussion. As the main criteria for assessing the reliability of the results obtained with
physical (on models made of equivalent materials) and numerical simulations, data from production
studies at the mines Quang Ninh coal basin mines, as well as data obtained in similar mining
and geological conditions at the mines of the Eastern region of Donbass and the Kuznetsk basin
were used.

The main aims of the research on models made of equivalent materials were to assess the
parameters of the bearing pressure zone formed above the marginal part of the coal rock mass
and in the coal pillars, and to establish the places of formation of the main fracture cracks in the
tight roof rocks. Laboratory studies on models made of equivalent materials (Fig.3) were carried
out in accordance with the methods adopted at the Saint Petersburg Mining University.

Fig.3. General view of the model made of equivalent materials (@) during its testing (b)

1 — computer and software for recording images; 2 — observation camera; 3 — digital camera; 4 — loading control system;
5 — fracture crack; 6 — marks; 7 — tight roof rocks; 8 — reused working; 9 — worked out coal seam; 10 — the boundary
of the developed space
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Fig.4. The influence of the width of the pillar located between the reused working and the developed space on the stress
distribution in the marginal zone of the formation (seam 11, Hecham mine)

1 — developed space; 2 — reused working; 3 — coal seam; Z; — the width of the pillar

MDG-3 pressure sensors were used to study the stress state of the model rock mass. Calibration
of' sensors and processing of their readings were carried out using software such as ACTest Pro, which
allows monitoring the progress of the experiment in real time. During the model test, vertical and
horizontal displacements of marks 6 were photofixed (Fig.3) with an accuracy of 1/5 pixel (< 0.0001 m),
which made it possible to track the appearance and dynamics of the cracks development in the mined
rock thickness [14, 39]. When modeling, the following similarity conditions are accepted:

C, =L,/ L,=1/100;
C,=n,/n, =L

C, =p,/p,=1/15;
¢,=o0,/0,=1/130,

(1)

where Ls, U, ps, 0s — geometric size, Poisson's ratio, density and uniaxial compressive strength of rock
layers in the study area, respectively; Lu, Wn, pm, Om — geometric size, Poisson's ratio, density and
uniaxial compressive strength of rock layers in the model, respectively.

Fig.3, b shows a model illustrating the development of a flat-lying coal seam 11 with a capacity
of 3 m in the conditions of the Hecham mine, when testing this model, the width of the pillar between
the preliminary working and the developed space varied from 60 to 20 m (Fig.4). The performed
studies have shown that when the width of the pillar is more than 50 m, there are no increased defor-
mations in the workings; at 40-45 m, individual cracks appear in the roof of the workings; at 35 m,
the roof of the workings is characterized by an increased frequency of cracks. Intensive lowering of
the roof rocks and displacement of the sides of the workings were recorded with the width of the pillar
equal to 25 m. The complete destruction of the secured workings occurred with a width of the pillar about
20 m. The maximum vertical stresses on the pillar after its destruction were less than 25 % of the maxi-
mum stresses in the bearing pressure zone recorded with a width of pillar of more than 60 m.

The results of laboratory studies on models made of equivalent materials are in satisfactory
agreement with the results of studies of the stress-strain state of a rock mass using the finite element
method with the FLAC3D (ITASCA) program [40, 41].
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i Z=10m The main task of mine research was to
PN 20 establish the nature and degree of influence
20 of geological and mining factors on the

. 40 volume of repair work in preliminary

workings during the development of coal

e seams, in the roof of which tight rocks lay.
A i il L n The results of the studies for reused site pre-
15 10 05 0 02 04 06 08 1.0 liminary workings, secured from the side of
the developed space by coal pillar, are pre-
Fig.5. The influence of mining factors on the volume sented in Fig.5:
of repair work in reused site preliminary workings during
the development of coal seams with tight roof rocks A =Ylillcol; M= Grm/Gcom,

1 — when fixing workings with anchor fasteners; .
2 — when fixing workings with frame fasteners where ZII — the total length of the sites

of reused workings, within which repair
work was carried out; /co1 — length of the excavation column; n — coefficient characterizing geome-
chanical conditions for maintaining working; orm — stresses in the rock mass; ccom — weighted
average uniaxial compression strength of the host rocks; Z — the width of the pillar.

When constructing the nomogram, data on repair work related to the complete re-anchoring of
workings, the installation of additional “reinforcement” support and the replacement of individual
elements of the support were used. At the same time, repair work related to the footwalling of soil
rocks was not taken into account due to the lack of actual data sufficient for their reliable statistical
processing.

The performed studies have shown that an increase in the width of the pillar from 10 to 40-50 m
leads to a decrease in the total length of the sites of reused workings within which repairs were carried
out: by 2.0-2.2 times when using frame supports, by 2.3-2.4 times — anchor supports.

An increase in the depth of mining operations leads to a constant increase in the volume of repair
work in the workings. At the same time, the most significant changes are observed during the transi-
tion to depths characterized by the values of the coefficient of conditions 1 > 0.45-0.6.

The most “sensitive” to an increase in the depth of mining operations and a change in the width
of the pillar are the workings fixed with anchorage. In the conditions of the Quang Ninh coal basin
mines at depths of 300-400 m (n = 0.3-0.4) with the width of the inter-column coal pillars equal to
20-30 m, up to 50 % of the total length of workings with frame supports of the SIP type (special
interchangeable profiles), and 40-50 % or more of the total length of workings with anchor supports
of the CDCT type (steel polymer anchors) are reinforced. This leads not only to an increase in pro-
duction costs directly for repair work, but also to an increase in irreparable production losses associ-
ated with downtime of longwalls during repair work.

As follows from Fig.5 and the results of laboratory studies (see Fig.4), a significant reduction in
the volume of repair work in the preliminary workings fixed with anchorage can be achieved in the
conditions of the Quang Ninh coal basin mines with an increase in the width of the pillar Z to 40 m.
With an increase in the width of the pillar from 20 to 40 m during mining operations at depths char-
acterized by the values of the coefficient of conditions n = 0.6, the volume of repair work decreases
by 50-70 %. But an increase in the width of the inter-column pillar leads to a proportional increase in
the operational losses of coal. This is one of the reasons why the introduction of anchor supports in
the mines of Vietnam is being held back. Their use, as evidenced by the world experience of under-
ground mining of coal deposits [42, 43], creates objective prerequisites for a significant reduction in
production costs.

The intensification of mining observed at the mines increases the “price” of unplanned downtime
of longwalls with production losses, which implies higher requirements for the reliability of the tech-
nological scheme of the mine [44-46].
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An analysis of the practical experience of working out flat-lying and inclined formations in the
Quang Ninh coal basin mines using the long-column mining system showed that the main causes of
unplanned downtime of longwalls include repair work in reused preliminary workings during periods
when they are in the zones of influence of stoping operations. The total downtime of longwalls in-
creases with an increase in the length of excavation columns and longwalls, as well as with the tran-
sition of mining operations to deeper horizons.

The main function of the pillars left between the excavation sites is to ensure a technologically
satisfactory condition of the preliminary workings intended for reuse by the time the adjacent column
is completed, as well as to reduce the displacement of rocks in the reused workings during the period
of column excavation. Failure to comply with these conditions leads to production losses or spatial de-
concentration of mining operations, which results in an increase in production costs associated with addi-
tional costs for tunneling and maintaining preliminary workings, transportation, ventilation, etc. [46-49].

The estimation of production losses (P) associated with the technologically unsatisfactory state
of the preliminary workings can be carried out using the expression:

P=Aa+T, (4-A,), )

where A; — average daily design load on longwall, t; a — the period of time required for carrying out
repair work in the preliminary development before its reuse; Aav — the actual average daily load on
longwall during excavation of the excavation column, t; 701 — duration of working out of the excava-
tion column, day.

Unplanned shutdowns of stoping operations during downtime of longwalls associated with the
repair of workings lead to irreparable production losses. In absolute terms, the loss of production by
high-performance longwalls is estimated at hundreds of thousands of tons per month.

Recommended resource-saving technologies for excavating flat-lying coal seams with tight roof
rocks. The set purpose (Fig.2) is achieved by using the idea, the main statements of which are:

* the width of the inter-column pillar must be taken into account the width of the zone of dan-
gerous bearing pressure formed in the marginal part of the coal seam during the subsidence of tight
roof rocks in the developed space;

* simultaneously with the reclamation of the reused site workings, work out the inter-column
pillar of coal on the same line with the stoping face;

* service roadways that provide the possibility of ventilation of a dead-end site of longwall when
working out the pillar on the same line with the stoping face, it is necessary to pass after stabilization
of the subsidence of tight roof rocks in the developed space, taking into account the location of the
fracture crack in tight rocks.

The developed variants of the long-column mining system, ensuring the achievement of the set
purpose and recommended for use in the Quang Ninh coal basin mines of Vietnam, are shown in Fig.6.
When using the variant shown in Fig.6, a, to prepare for the development of the FADE column
by longwall N 2, double drifts 6, 7 and a face entry 8 are passed. Face entries 14 run between drifts
6 and 7, separated by coal pillar with a width of Zi1. The width of the pillar Z; is assumed to be greater
than the width of the zone of dangerous bearing pressure formed in the marginal zone of the coal
seam.

To estimate the width of the dangerous stress zone (L1 or L2, Fig.7), a program has been devel-
oped [50], which allows calculating vertical stresses in the bearing pressure zone formed above the
marginal part of the coal seam adjacent to the developed space. During the development of the pro-
gram, the results of mine and laboratory studies of the authors were used, as well as the data given in
the guidelines “Calculation and experimental evaluation of stresses in the pillars and marginal parts
of the coal seam” (VNIMI, 1973).

The width of the pillar Z; between the reused site preliminary development and the developed
space 1s recommended to take more than the width of the dangerous stress zone (L1 or L2, Fig.7).
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Fig.6. Variants of the long—column mining system recommended for use in the Quang Ninh coal basin mines
of Vietnam: a — at Leol > vt; b — at Leol < vt (v is the speed of longwall movement; ¢ is the duration
of stabilization of subsidence of tight roof rocks in the developed space)

1, 3 — transport drifts of the worked-out column A’B'C'D"; 2 — ventilation shaft of the worked out column 4A'B'C'D";
4 — service roadway of the worked-out column A'B'C'D’; 5 — entry (breakthrough); 6, 7 — transport drifts of the prepared
column FADE; 8 — face entry; 9 — service roadway of the prepared column ADEF; 10, 11 — flank workings;

12 — panel incline; 13 — manway of the panel incline; 14 — entry (breakthrough); Z;, — the width of the coal pillar left
during the tunneling of transport drifts 6 and 7; Z, — the width of pillar between the service roadway 4 of the worked out
column 4'B'C’'D' and the developed space (the width of the pillar left from the side of the developed space during
the tunneling of the service roadway 9 of the prepared column ADEF); S — the distance between the face of the work
being carried out 9 and longwall N 1; L — longwall length
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In the example considered (Fig.7), when using o
frame supports (SIP), the width of the pillar should be Mf:g‘ I
taken about 30 m, when using anchor supports (CDCT) —
more than 40 m.

During the mining of the column A'B'C'D" by 35
longwall N 1 with a certain lag S of the stoping face 3¢}
from the flank workings 10 and 11, the service roadway sl

9 is carried out. Between the developed space and the 1000y,

40

service roadway 9 during its tunneling, a coal pillar is ~ 2° o -

left, the width Z> of which is determined from the con-  15f1 =}

dition for ensuring safe ventilation of the dead-end part | |-f-aeeeev 1Y- ........................ "
of longwall N 1 due to diffusion (general depression). s AR (N

In accordance with paragraph 154 of the “Safety Rules 0 15 30 45 60 75 90 105L,m

in Coal Mines” (2017), it is allowed to ventilate through

diffusion dead-end workings up to 6 m long in gas Fig.7. An example of determining the parameters
. . . of the reference pressure zone and plotting

mines and up to 10 m in non-gas mines. the stress distribution in the marginal part of the coal

In this case, it is advisable to place the service road- seam 11 for the conditions of the Hecham mine:
way 9 at a distance of Z» (see Fig.6) from the developed ~, O vertical stress; cor, G2 — dangerous stresses

. ; in the array when using frame and anchor supports,
space exceeding the distance d from the boundary ofthe  egpectively; v — geostatic stress level; y — volumetric
developed space to the fracture crack in the main roof.  weight of rocks; /- depth of rocks; Li, L> — the width
With this layout, the working 9 is under the “protection”  °F the zone of dangerous stresses when using frame

. . . . and anchor supports, respectively
of the main roof, which perceives the increased loads
formed in the bearing pressure zone. According to la-
boratory studies, on models made of equivalent materials, the distance d does not exceed 4-5 m.
The parameter Z, must be determined using the expressions: d <Z; <6 m — for gas mines;
d <7, <10 m — for non-gas mines.

In Fig.6, the FADE column is worked out with longwall N 2 after the finishing of the stoping
work in longwall N 1. Drifts 2, 3 and service roadway 4 are extinguished behind longwall N 1.
Reused drifts 1 and 2 are secured by the width of the coal pillars Z;i. Drift 1 is used as a transport
drift during the operation of longwall N 1; during the operation of longwall N 2, it is reused as a
ventilation drift.

The variant shown in Fig.6, a, is recommended for the length of the excavation columns
L > tV; the variant in Fig.6, b — for the length of the excavation columns L < ¢V, where L — the
design length of the excavation column; ¢ — the duration of stabilization of subsidence of tight roof
rocks in the developed space; V' — the speed of longwall movement.

In the conditions of the Quang Ninh coal basin mines, the actual speeds of longwall movement
during stoping operations using drilling and blasting operations are 15-25 m/month, the duration of
stabilization of subsidence of tight roof rocks in the developed space is up to 6-8 months. Taking into
account these facts, the prospects for the implementation of the scheme (Fig.6, a) are associated with
the development of sites of mine fields with a seam strike size of more than 200-250 m. The scheme
shown in Fig.6, b is advisable to use when working out sites of mine fields with a seam strike size of less
than 250 m. The actual length of the excavation pillars at the Khacham and other mines is 300-800 m, the
speed of longwalls movement is 15-25 m/month. In the conditions of modern Russian coal mines with
the speeds of mechanized longwalls movement reaching 450-500 m/month, the scheme (Fig.6, a)
is advisable to apply with the length of the excavation columns more than 3000-3500 m.

The use of the recommended technological schemes makes it possible to provide the most
favorable conditions for maintaining production intended for reuse. During the entire period of
its existence, this mine is secured according to the scheme “the pillar with a width Z; — rock
mass”. The adoption of the width of the pillar Z;, comparable with the width of the zone of dangerous
bearing pressure, which is formed above the marginal part of the coal massif, allows to significantly
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(by 1.5-2.3 times or more) reduce the cost of maintaining reusable workings with any types of supports
and to ensure the possibility of using anchor support as the main support of reusable workings.

The reduction of operational losses of coal is ensured by the complete development of the inter-
column pillars. With the mining system used in the mines of Vietnam, losses in one pillar with a
column length of 800 m reach 100 thousand tons of coal or more.

Taking into account the nature of the dependencies shown in Fig.5, as well as the inevitable
increase in the depth of mining operations and the length of excavation columns in the future,
the economic efficiency of using the developed technology will constantly increase. Among
the additional positive effects achieved by using this technology are an increase in the efficiency
of mining suites of contiguous formations and a decrease in the probability of gas-dynamic
phenomena during the development of formations, dangerous for sudden outbursts of coal
and gas.

Conclusion. Variants of the long-column mining system with the leaving of coal pillar in
the developed space are characterized by significant drawbacks, the negative impact of which
is constantly increasing with the improvement of coal stoping excavation technologies and the tran-
sition of mining operations to deeper horizons. The drawbacks include: a constant increase in the
operational losses of coal and the costs of tunneling, maintenance of site workings; reduction
of balance reserves associated with the impossibility of safe mining of contiguous formations in areas
of high rock pressure formed under (above) the coal pillars; increased risk of rock bursts and sudden
outbursts of coal and gas.

Prerequisites for the almost complete elimination of operational losses of coal in the pillars and
the effective use of anchor support as the main support of the reused preliminary workings are created
when coal pillar of increased width is left between the reused workings and the developed space, and
its subsequent development on the same line with the stoping face simultaneously with the reclama-
tion of the reused workings.

When using well-known variants of the long-column mining system without leaving coal pillars
in the developed space, the factors that have the most significant negative impact on the operational
losses of coal, the cost of tunneling and maintaining reused site preliminary workings include hover-
ing in the developed space and dynamic subsidence of tight roof rocks, as well as the distance from
the reused workings to the developed spaces.

When using the recommended resource-saving technology of mining formations, the costs of
tunneling and maintaining reusable preliminary workings are minimized.

It is recommended to carry out the service roadway, which provides the possibility of ventilation
of the dead-end part of the longwall when working out the pillar on the same line with the stoping
face, at a distance from the developed space exceeding the distance from the fracture crack in the
tight roofrocks to the developed space. With this layout, the service roadway is under the “protection”
of tight rocks that perceive increased loads formed in the bearing pressure zone, which significantly
reduces the cost of fixing.

The introduction of the developed resource-saving technology at mines working out flat-lying
coal seams makes it possible to almost completely eliminate the operational losses of coal
in the pillars and use cost-effective anchorage as the main support for reused preliminary workings.
The expected economic effect of tunneling and maintenance using the developed technology
when working out just one 700 m long excavation column at the Hecham mine is at least
10-20 million rubles.

The research results can be used in the educational process for the training of mining engineers
at Saint Petersburg Mining University and Hanoi Mining and Geological University of Vietnam.
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