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Abstract. The method of permanent workings construction, the type of supporting, as well as their location relatively
to the boundaries of stoping operations zones greatly affect their stability. In this work, a numerical simulation of the
stress state of the layered rock mass with permanent workings located in the gob of previously mined longwall was com-
pleted to study these mine workings stability outside the influence of stoping operations and in the zone of their influ-
ence. As an example, the mining and geological conditions were considered for the central panel of block 11 in PJSC
Colliery Group "Pokrovske", where four permanent mine workings are planned. A series of calculations were performed
with variations of such technological parameters as the distance between mine workings, the impact of stoping opera-
tions, and the pillar size between the gob of the relieving longwall and the active front of working face.

It is shown that a change in the distance between permanent mine workings in the range of 50-70 m does not affect
the lack of mutual influence between these mine workings. When the front of stoping operations in the adjacent longwall
approaches the permanent workings, the load on the support pillar between the boundary of stoping operations and the
gob of relieving longwall, as well as on support of first permanent mine working, increases considerably. If the support
pillar size is 80 m, the impact of the stoping operations spreads close to the first permanent working and affects the sta-
bility of the second permanent working. The approach of active longwall leads to an additional lowering of the first mine
roof by 120-208% compared to the level at the stage of stabilization of the stress-strain state. The region of increased
difference in main stresses around the first permanent working occupies a large area; its stability deteriorates, although
thanks to the bolting, the monolithic rock-bolt arch is still preserved in its roof. However, the pillar size of 80 m is critical
(for the mining and geological conditions adopted in this work); further reduction of the pillar size will lead to loss of sta-
bility of the first permanent mine working. An increase in the depth of permanent workings by 300 m, in addition to a
natural increase in the initial stress state of the rock mass, also leads to a 10-12% increase in the boundaries of the
influence of the abutment pressure.

Keywords: gob of relieving longwall, numerical simulation, rock bolting, stoping operations, support of permanent
workings.

1. Introduction

The method of permanent workings construction, the type of supporting, as well
as their location relatively to the boundaries of stoping operations zones greatly affect
their stability. Preservation of mine workings during their operation depends on the
type, construction and strength of support. But the adopted method of protecting
permanent workings from harmful effect of rock pressure has a decisive influence on
their condition during stoping operations. The following methods are usually applied
to protect permanent mine workings at great depths:

- protection with large pillars [1-3];

- preliminary and following overworking of mine workings [4—6];

- arrangement and support of mine workings within the caved and consolidated

rock thickness of previously mined longwall [7];
- protection of mine workings with gob packs within the regional de-stressed
zone [8-9].

In the deep horizons of the coal mines, the traditional method of protecting the
permanent workings and main drifts with coal pillars and occasionally gob packs is
still widely used. Coal pillars with a width of up to 60—80 m, which are left by stop-
ing operations, often cannot withstand the rock pressure and ensure the proper stabil-
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ity of the mine workings [4]. The stability of permanent mine workings under the
condition of using this method of protection was considered in the article "Substanti-
ating the parameters for selecting a pillar width to protect permanent mine workings
at great depths" [3]. For deep mines, the most promising and economical is the pillar-
less mining of prepared reserves of the horizon, panel, and block.

It 1s considered that the most effective way to protect permanent mine workings is
their location in regional de-stressed zones. These are the methods of preliminary or
following overworking of permanent mine workings by relieving longwalls or their
location in the caved and consolidated rocks of previously mined longwall. De-
stressed zones are created by mining coal with relieving longwalls (150-250 m). Re-
lieving longwalls, as a rule, do not adjoin the gob of previously mined longwalls [4].
At the same time, if the longwalls neighbouring the de-stressed zone are mined ac-
cording to the pillarless technology, the activation of displacements and the rock
pressure leads to a change in the parameters of the de-stressed zones. Under the influ-
ence of stoping operations, these zones can completely disappear or even transform
into zones of increased rock pressure. This negatively affects the stability of mine
workings and causes the need for repair work. Therefore, in the process of mining
operations, regional de-stressed zones should be preserved and the efficiency of sup-
porting should be increased.

The formation of the stress field in the layered coal-rock massif during stoping
operations and heading occurs under the joint influence of a number of mining, geo-
logical and technical factors. This necessitates a thorough study of geomechanical
processes when choosing a method for protecting permanent workings and ensuring
their stability during a long period of their operation. Therefore, the aim of this work
was to study numerically the stress state of the layered rock massif with permanent
workings located in the gob of previously mined longwall to ensure their long-term
stability outside the influence of stoping operations and in the zone of their influence.

2. Methods
A stress state of the rock mass near the mine working is described by a system of
equations [10, 11]:

gy, +Xi(0)=0, (1)

where o;;; — are derivatives from the components of a tensor of main stresses along
the horizontal axis x and vertical axis y, Pa/m; Xi(¢) — is projections of external forces
acting on the unit of body volume, N/m?>.

Boundary conditions for this problem are as follows:

=0; (2)

ux‘Ql =0; uy‘Qz =

where ux, u, are components of the vector of displacements, m; €, is vertical bounda-
ries of the external contour; Q) is horizontal boundaries of the external contour.
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A Coulomb-Mohr criterion is used to describe mathematically a process of rock
transition into a disturbed state [12, 13]. A stress state of rocks is analysed with the
help of following geomechanical parameters characterizing different-component na-
ture of a stress field of the rocks [14]:

* 0'1—0'3
=, 3

where o1, o3 are maximum and minimum components of a tensor of the main pres-
sures, Pa; yis average weigh of the overlying rocks, N/m?; H is mining depth, m.

The problem is solved in the elastoplastic statement with the application of a finite
element method [15—17] with the help of author's software. The model has been cali-
brated to meet the real conditions of block 10 in PJSC Colliery Group "Pokrovske".

3. Problem definition

The preparation of an inclined part of a field, panel, or block is usually performed
with two or three inclined mine workings. In rocks with high gas-bearing capacity,
four mine workings are sometimes driven. For example, we considered the mining
and geological conditions of the central panel of block 11 in PJSC Colliery Group
"Pokrovske", where four permanent mine workings are planned at a depth of 930-
1230 m. The calculation of their stability was performed in the case of their location
in the gob of a previously mined relieving longwall. The following situations were
simulated:

1) the mine workings are outside the influence of stoping operations;

2) the mine workings are in the zone of influence of stoping operations.

Table 1 shows the properties of the rocks which are used during the calculation.

Table 1 — Mechanical parameters of rock

. Axial compres- | Deformation | Poisson’s : -
Rock Thickness sive strength oc, | modulus E, | ratio of rock CC(,) h;:/[sll)on Fr1(1:t1ono

, m MPa MPa mass, v ’ a | angle 4,
Sandstone 20 82 1.3-10* 0.36 21.3 35
Siltstone 0.8 50 1.1-10* 0.32 14.9 28.5
Sandstone 12 90 1.3-10* 0.36 23.4 35
Siltstone 6.0 35 1.1-10* 0.32 10.4 28.5
Coal 1.6 12 0.3-10* 0.25 3.6 28.5
Siltstone 0.8 27 1.1-10* 0.32 8.0 28.5
Sandstone 13 80 1.3-10* 0.36 20.8 35
Coal 0.2 12 0.3-10* 0.25 3.6 28.5
Siltstone 3.4 35 1.1-10* 0.32 10.4 28.5
Sandstone 13 82 1.3-10* 0.36 21.3 35

The calculation schemes are represented in figure 1.
The use of a combined bolting and frame support with an installation step of
0.5 m is provided for supporting the permanent mine workings [18, 19]. It includes
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frame support KSPU-M-20.3 of profile SVP-33. In each row, 8 steel-polymer bolts,
being of 2.9 m long, are installed in the mine roof, 2 steel-polymer bolts, being of
1.5 m long, are installed under the coal bed and 2 cable bolts, being 7 m long, are in-
stalled in the mine roof, figure 2.
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a) outside the influence of stoping operations; b) in the zone of influence of stoping operations

L1 — the distance between the first mine working and the coal seam; L2 — the distance between mine
workings; Lpil — the pillar length

Figure 1 — Calculation scheme

Simulation was performed in three steps. First, the influence of the relieving
longwall on the host rocks was calculated. At the second step, the driving of four
permanent workings in the consolidated rocks in the gob of relieving longwall was
simulated. To simulate the properties of the rocks in the gob of the previously mined
relieving longwall, the compressive strength of sandstone and siltstone was reduced
by 2 times, the modulus of their elasticity was reduced by 5 times. The operation of
the adjacent longwall was simulated at the third step.
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1 — steel-polymer bolts 2.9 m long; 2 — cable bolts 7 m long;
3 — steel-polymer bolts 1.5 m long

Figure 2 — Scheme of bolting

4. Stress state of host rocks outside the influence of stoping operations

As a result of the calculations, the stress fields around four permanent workings
located in the consolidated rocks of previously mined relieving longwall outside the
influence of stoping operations were obtained, for the cases when the distance L» be-
tween the mine workings was 50 m and 70 m.

Figure 3 shows distributions of Q parameter values, which characterizes the dif-
ferent-component nature of a stress field, in these cases.
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a)L2=50m,L1=60m;b)L2=70m, L1 =30 m

Figure 3 — Distributions of Q parameter values around the permanent workings
outside the influence of stoping operations, H =930 m
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The Q parameter values (difference in main stresses) increases around each of the
four permanent mine workings (Fig. 3), which leads to the cracks formation of vary-
ing degrees of intensity in the host rocks. If the values of this geomechanical parame-
ter decrease, the mine working becomes more stable. The Q parameter takes the larg-
est values on the border of the zone of caved and consolidated rocks of the previously
mined longwall, on both sides of the four permanent workings.

The analysis of the distribution of O parameter values around the permanent
workings outside the influence of stoping operations shows that the change in the pil-
lar width L, from 50 m to 70 m does not affect the lack of mutual influence between
the mine works, figure 3. Figure 4 shows enlarged fragments of the calculation area
around the first permanent mine working in the considered cases.

1.6 il
1.2 \
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a)L2=50m,L1=60m;b) L2=70m, L1 =30 m

Figure 4 — Distributions of Q parameter values around the first permanent working outside the in-
fluence of stoping operations, H =930 m

It can be seen that in the second case (figure 4b), the first permanent working is in
the more protected zone; the difference of the stress tensor components in the host
rocks around this mine working is much smaller, which prevents the development of
the process of crack formation.

5. The influence of stoping operations on the stress-strain state of rocks around
the permanent workings

When the front of stoping operations in the adjacent longwall approaches the
permanent workings, the stress field in the rocks changes significantly. The load on
the support pillar between the boundary of stoping operations and the gob of relieving
longwall, as well as on support of the first permanent working, increases considera-
bly. In order to evaluate the impact of the pillar size Lyii on the stress state of the
rocks around the four permanent workings, let’s consider how the geomechanical pa-
rameter Q changes in this area under the condition that L =50 m and H =930 m.
Figure 5 shows the distributions of this parameter under the influence of stoping op-
erations. The pillar size Lyi in the calculations varied from 140 to 80 m.
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a) Lpit = 140 m; b) Lpit = 120 m; ¢) Lpit = 100 m; d) Lpii = 80 m

Figure 5 — Distributions of Q parameter values around four permanent mine workings under the
influence of stoping operations, L2 = 50 m, L1 = 60 m, H =930 m
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Figure 6 shows enlarged fragments of the calculation area around the first perma-
nent working for convenient analysis.
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a) Lpit = 140 m; b) Lpit = 120 m; ¢) Lpit = 100 m; d) Lpii = 80 m

Figure 6 — Distributions of Q parameter values around the first permanent working under the influ-
ence of stoping operations, L2 =50 m, L1 = 60 m, /=930 m

When support pillar size is 140 m, the influence of stoping operations approach-
ing the permanent workings is minimal, figure 5a. The boundaries of the region
where O > 0.4 between the pillar and the first mine working almost do not exceed the
boundaries shown in figure 3a, in case the stoping operations have not yet started.
The distribution of Q parameter values around the first mine working, close to the
active longwall, does not change noticeably, figures 4a and 6a. With this size of the
support pillar, the combined bolting and frame support fully ensures the necessary
stability of all four permanent mine workings. Most of the pillar is in an intact state,
0 < 0.4, white colour in figure 5a. That part of the pillar, which is adjacent to the
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working face, is subjected to significant loads; O parameter values here reach 1.6 and
higher. This is due to the decrease to almost zero of the minimum component of the
principal stress tensor o3 in the immediate vicinity of the working face and a signifi-
cant increase of the maximum component oy in the zone of bearing pressure.

If Lpi = 120 m, the influence of stoping operations increases, although it does not
extend beyond the first permanent working, figure 5b. With the approach of the front
of working face and the reduction of the support pillar size by 20 m, the area of re-
gion around the first working where Q > 0.4 increases, figure 6b. The zone of ultra-
high difference in main stresses (Q > 1.6) in the left part of the pillar is noticeably
expanding, and, at the same time, the pillar area, where O < 0.4, is greatly reduced.

Under the condition Lpi =100 m, the boundaries of influence of stoping opera-
tions almost reach the first permanent working, the stress field around which under-
goes significant changes. Its stability deteriorates, although, thanks to the bolting in
the mine roof, a monolithic rock-bolt arch, in which Q < 0.4, is preserved (figure 6¢).

When the support pillar size is 80 m, the impact of the stoping operations spreads
close to the first permanent working (figures 5d and 6d) and affects the stability of
the second permanent working. The region of increased difference in main stresses
(O > 0.4) around the first permanent working occupies a large area and connects with
the same fractured zone surrounding the gob of relieving longwall and the active
longwall. In the case when Lpi = 80 m, the area of undisturbed, monolithic rocks in
the rock-bolt arch decreases even more (figure 6d), the pillar size Lpi reaches a criti-
cal limit, exceeding which will lead to a loss of the first permanent working stability.

Let’s consider how the amount of rock displacement in the roof of the first mine
working, which is closest to the active longwall, changes during the approach of the
front of working face. Graphs in figure 7 is constructed using the polynomial approx-
imation of the calculated data on displacements of the central point of the mine roof
outside the influence of stoping operations (Lpi =400 m) and when the active work-
ing face 1s approaching (Lpit = 140 m; Lpi = 120 m; Lpin = 100 m; Ly = 80 m).
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Figure 7 — Rock displacement in the roof of the first permanent mine working
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We can see that after stabilization of the mine working state outside the influence
of stoping operations (Lpii =400 m), the displacement of its roof is 60 mm under the
condition H =930 m and 90 mm under the condition H = 1230 m. The approach of
active longwall leads to an additional lowering of the mine roof by 120-208% in the
case when Ly =80 m. Reducing the pillar size from 140 to 80 m for every 20 m
causes the mine roof lowering by 12—15 mm.

6. The effect of mining depth on the stress field around permanent workings

To study the influence of the mining depth, parameters of the stress field were
calculated at the lower and upper boundaries (H =930 m and H = 1230 m) of stoping
operations on d4 coal seam in the central panel of block 11. Figure 8 shows distribu-
tions of maximum stresses values (o3/yH) characterizing the abutment pressure zone.

a) Lpit = 140 m; b) Lpit = 120 m; ¢) Lpit = 100 m; d) Lpii = 80 m

Figure 8 — Distributions of maximum stresses values (o3/yH), at the depth of mining
operations H = 930 m (left side) and at the depth H = 1230 m (right side), L2 = 50 m,
Li=60m
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It can be seen from the figure 8 that with an increase in the depth of mining opera-
tions, the values of the maximum stresses in the entire studied area increase. A large
zone of abutment pressure is located between the front of working face and the gob of
the previously mined relieving longwall. A much smaller zone of abutment pressure
covers the right side of the gob near the fourth mine working.

When the pillar size is reduced, the impact of stoping operations on the rocks
stress state increases, as well as the load on support of the permanent workings. At
Lpii = 140 m, stoping operations do not affect the first permanent mine working (fig-
ure 8a). At Lyi = 120 m, the boundaries of influence increase, the influence on the
first mine working is insignificant and with the pillar size Lyi = 100 m, the impact of
stoping operations approaches this mine working. At Lyi= 80 m, this influence
spreads further beyond the first mine working and reaches the second one, according
to the distribution of maximum stresses (figure 8d).

An increase in the depth of permanent workings from 930 m to 1230 m, in addi-
tion to a natural increase in the initial stress state of the rock mass oo =7yH from
23.25 MPa to 30.75 MPa, also leads to a 10-12% increase in the boundaries of the
influence of the abutment pressure.

7. Conclusions

The method of permanent workings construction, the type of supporting, as well
as their location relatively to the boundaries of stoping operations zones greatly affect
their stability. In this work, a numerical simulation of the stress state of the layered
rock mass with permanent workings located in the gob of previously mined longwall
was completed to study these mine workings stability outside the influence of stoping
operations and in the zone of their influence. As an example, the mining and geologi-
cal conditions were considered for the central panel of block 11 in PJSC Colliery
Group "Pokrovske", where four permanent mine workings are planned at a depth of
930-1230 m. A series of calculations were performed with variations of such techno-
logical parameters as the distance between mine workings, the impact of stoping op-
erations, and the pillar size between the gob of the relieving longwall and the active
front of working face.

It is shown that a change in the distance between permanent mine workings in the
range of 50—70 m does not affect the lack of mutual influence between these mine
workings.

When the front of stoping operations in the adjacent longwall approaches the
permanent workings, the load on the support pillar between the boundary of stoping
operations and the gob of relieving longwall, as well as on support of first permanent
mine working, increases considerably. If the support pillar size is 80 m, the impact of
the stoping operations spreads close to the first permanent working and affects the
stability of the second permanent working. The approach of active longwall leads to
an additional lowering of the first mine roof by 120-208% compared to the level at
the stage of stabilization of the stress-strain state. The region of increased difference
in main stresses around the first permanent working occupies a large area; its stability
deteriorates, although, thanks to the bolting, the monolithic rock-bolt arch is still pre-
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served in its roof. However, the pillar size of 80 m is critical (for the mining and geo-
logical conditions adopted in this work); further reduction of the pillar size will lead
to loss of stability of the first permanent mine working.

An increase in the depth of permanent workings by 300 m, in addition to a natural
increase in the initial stress state of the rock mass, also leads to a 10—12% increase in
the boundaries of the influence of the abutment pressure.
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AOCNIIXEHHSA CTIAKOCTI KANITANBHUX BUPOBOK MPU X MPOBEQEHHI NO BUPOBJIEHOMY
NMPOCTOPY PO3BAHTAXYBAIIbHOI JTABU
Kpykoscekut O.11., Kpykosckka B.B., KypHocos C.A., Arxyna O.C., byniy FO.fO.

AHoTauis. Crioci6 npoBeaeHHs KaniTanbHUX BUPOBOK, iX KPINMEHHs, a TakoX PO3TallyBaHHS LIOAO MEX OYMUCHUX
poBIT Ayxe BNAMBAKTL Ha iX CTiiKiCTb. B AaHin poboTi BUKOHAHO YMCenbHe MOLES0BaHHS HaNpy)XeHOro CTaHy Liapysa-
TOrO MOPOAHOTO MacuBy 3 KanitanbHAMM BUPOOKamu, po3TallioBaHMK y BUPOGNEHOMY NpoCTopi paHile BignpaLboBa-
HOi NaBw, ANs OCMIMKEHHS CTIMKOCTI X BUPOBOK N03a BMAMBOM i y 30Hi BMMBY O4MCHUX pobiT. [ns npuknagy poar-
NSAHYTO FPHUYO-TeonorivHi yMOBYM LieHTpanbHoi naHeni 6noky 11 MPAT «LLY lMokposcbkey», Ae NNaHyeTbCH NPOBEAEHHS
YOTVPLOX KaniTanbHUX BMpOOOK. BUMKOHAHO cepild PO3paxyHKIB 3 BapilOBaHHSIM TaKMX TEXHOMOTMYHWX MapameTpiB, siK
BiACTaHb Mix BUpODKaMu, BMAWB OYMCHUX POOIT i QOBXMHA LifMka Mix BMPOBNEHUM MPOCTOPOM PO3BaHTaXyBarbHOI
naBw i Ail041M OYUCHUM BUOOEM.

[Noka3aHo, L0 BapitoBaHHSI LUMPUHM LIMMKIB MiX KaniTanbH1MK BUpobkamu B gianasoHi 50-70 M He BNnMBaE Ha Bip-
CYTHICTb B3aEMHOTO BMIMBY MixX BUpOOKamu. Konu fo po3rnsHyTUX KaniTanbHUX BUPOBOK HabnumxaeTbecs PPOHT oYmc-
HUX pOBIT, HABAHTAXEHHS HA OMOPHWUA LMWK MiX rpaHNLE0 YN HKN O4UCHWX PoBIT i BUpOBNeHMM NpocTopoM po3BaH-
TaXyBanbHOI NaBu, Tak cCaMo, K i Ha KpiNneHHs nepLuoi kanitanbHoi BUPOBKK, 3HaYHO 3pocTac. Mpu po3mipi onopHOro
Linuky 80 M BNNMB O4UCHUX POBIT NOLIMPKOETLCA BNPUTYN 4O NEpLLOi BUPOOKM i NO3HAYaETbCS Ha CTINKOCTI Apyroi BUpO-
Bkn. HabnwxeHHs nasm npu3BOANTb 4O OMyCKaHHSA NOKpiBAi nepLuoi Bupobku Ha 120-208% nopiBHAHO 3 piBHEM Ha eTa-
ni crabinisauji HanpyxeHo-gedopmoBaHoro ctaHy. Obrnactb NiABMLLEHOT PI3HOKOMMNOHEHTHOCTI NOpia, HABKOMO NepLUoi
BMpOOKM 3aiMae BenuKy NroLy, ii CTIMKICTb NOTipLIYETbCS, X04a 3aBASAKM aHKEPHOMY KpinmeHHio B ii mokpieni we 30e-
PEXEHO MOHOMITHE MOPOQHO-aHKEPHE NEPeKpuTTS. Ane WupuHa Linvka 80 M € KPUTUYHOK (AN NPUAHATKX B PO6OTI
FiPHUYO-TEOMNONiYHNX YMOB), MOAANbLIE 3MEHLUEHHS LWWPUHKA LiNUKy npu3Bede OO BTPATU CTIMKOCTI NepLUoi BUPOOKM.
36inbLUeHHS rMMBKHM NPOBEAEHHS KaniTanbHUX BUpobok Ha 300 M kpiM NPUPOAHOrO 36iNbLUEHHS BUXIGHOTO HanpyXeHo-
ro CTaHy NOPOAHOTO MacuBy TaKoX NPU3BOAUTb A0 po3LMpeHHst Ha 10-12% Mexi BNAMBY ONOPHOIO TUCKY.

KntoyoBi cnoBa: BupobneHnit NpocTip po3BaHTaXyBasnbHOI NaBy, YMCENbHE MOLESOBAHHS, aHKEPHE KPinneHHs,
O4UCHI poBOTH, KPINMEHHS KaniTanbHUX BUPOOOK.
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