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Abstract. Safety and efficiency of coal mining depend on natural geomechanical and hydrogeological conditions of
mining operations. They initiate the processes of deformation and water and gas filtration in the cracked coal seams and
host rocks. Abundant water and methane inflowing into the mine workings, as a rule, leads to accidents, increased
downtime of longwall faces, reduced productivity and economic losses. One of the ways to prevent gas and water inflow
is to create an impermeable zone in the rocks around the mine working with injection bolts. Formation of such zones
depends on the filtration area size and the rock permeability inside this area. It is conditioned by the natural fracturing of
the rocks and degree of their unloading during the technological cycle of the mine face advancing. The purpose of this
work was to investigate the conditions for the formation of an impermeable area in the mine roof with using injection
bolts.

A numerical model of the coupled processes of rock deformation and filtration of liquid polymer components was
used for investigating the rock permeability in the mine working roof depending on the number of injection bolts. The
host rocks permeability was calculated for cases when one, three or five injection bolts were installed in the mine roof. It
is shown that permeability of the roof rock around the injection bolt decreases when polymer solidification process
begins and the metal tube starts to work as a roof bolt. Diameter of the created polymer-reinforced rock-bolt support
reaches 2.0 m, for the accepted initial and boundary conditions. When number of the bolts is three the polymer-
reinforced monolithic rock-bolt supports are not interconnected; they are separated by fractured, disturbed rock, while
installation of five polymer-reinforced supports in the mine roof form a rock-bolt canopy, which is practically
impermeable. That is why density of the injection bolts installation plays a significant role in the formation of the rock-
bolts canopy. With the increase of the number of bolts from one to five, average value of the permeability coefficients in
the mine working roof decreases by 4 times. The formed rock-bolts canopy can serve as a barrier that restrains water and
gas inflowing from the undermined rocks into the mine working.

Keywords: injection bolt, injection of the consolidating mixture, impermeable beam, numerical simulation of
coupled processes.

Safety and efficiency of coal mining depend on natural geomechanical and
hydrogeological conditions and their changes during mining operations. A lot of
complications and accidents in mine workings are associated with the high gas and water
content in the rocks. Mining operations initiate the processes of deformation, cracking
and water and gas filtration into the cracked coal seams and host rocks. Abundant water
and methane inflowing in the mine workings, as a rule, leads to accidents, lengthy
downtime of longwall faces, reduced productivity and, hence, to economic losses.
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Therefore, study of the joint course of geomechanical and filtration processes and
improvement of methods for preventing gas and water inflows are of great importance
today.

One of these methods is use of injection bolts for creating water and gas
impermeable area in the host rocks around the mine working [1-3]. The injection
bolts are made in the form of a metal tube with a tight seal, which feeds a
consolidating mixture into the cracked rock. After the injection process, the metal
tube acts as an additional reinforcement providing high shear strength. The injected
mixture, which consists of two liquid components, is injected into the cracked rock
under high pressure. The reaction of the polymer mixture is accompanied with its
volume gain by 1.5-3.5 times. Under high pressure, the foamed mixture penetrates
even into small cracks in the rock [4]. When the foam resilient mixture is solidified, a
consolidated, gas and water impermeable zone is created around the roof bolt. Its
formation depends on the filtration area size, and the permeability inside this area
depends on natural fracturing of the rocks and degree of their unloading during the
technological cycle of the mine face advance.

In order to prevent fluid inflow and to develop a scheme for injection bolts
installation, it is necessary to know the following things: how is the impermeable area
formed around one roof bolt? Do the impermeable areas interact with each other when
several bolts are installed? Do they form a solid canopy, which can protect the mine
working from gas and water inflows? Therefore, the purpose of this work was to
investigate the conditions for formation of gas- and watertight area in the mine roof by
using the injection bolts.

Problem definition. The coupled processes of the rock deformation and filtration
of the liquid polymer mixture in a disturbed area are described by the system of
equations [5]:
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where c, is the damping coefficient, kg/(m®-s); u; is displacements, m; o;; are the
derivatives of the stress tensor components along x, y, MPa/m; X;(t) is projections of
the external forces acting on the volume unit of solid body, N/m®; Pi(t) is projections
of forces caused by pressure of the liquid polymer composition in the fractured space,
N/m® p is pressure of the liquid polymer mixture, MPa; k is coefficient of
permeability, mDa; u is polymer viscosity, Pa-s; £ is polymer-compressibility factor,
1/Pa; m is porosity, %; q(t) is the foaming function.

Technological permeability Kk, wWhich is formed during the mine working
driving and depends on the stress tensor components, overlaps the natural
permeability field ko, k = Ko + kiecn. In these calculations the authors used the function
Kiecn( o), Which was defined in [6]. This dependence takes into account that Kieen =<0 in
undisturbed rocks in areas with elastic deformation and uniform compression. In the
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area of initial cracking, permeability is minimal. In the area of intense cracking,
uncontrolled growth of cracks takes place; deformations rapidly increase due to the
crack proliferation and ripping of the rock [7], and permeability coefficient increases.
With the destruction of rocks, a sharp increase in permeability occurs under the
condition of an increased volume of the deformed rocks [8].

The initial and boundary conditions for the task set are:
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where oy, oy, are components of the stress tensor, MPa; y is average weight of the
overlying rocks, N/m?; H is the mining depth, m; A is the side thrust coefficient; u,,
uy are components of the displacement vector, m; p, = 6 MPa is polymer injection
pressure; Q; is vertical boundaries of the outer contour; €, is horizontal boundaries
of the outer contour; Q3 is the filtering part of the borehole surface; €, is the contour
of the mine working.

The problem was solved by the finite element method [9, 10] in the elastoplastic
formulation by using the Coulomb-Mohr strength condition. At each time iteration i
(is equal to 5 minutes), the following was taken into account [6]:

- influence of the stress field on the formation of the filtration area;

- influence of changes in the polymer mixture pressure on the stress state of the
rock;

- change in physical, mechanical and filtration properties of the rock during
solidification of the polymer.

As an example, we consider a mine working with 5.2 m of width and 3.0 m of
height, which is driven through the weak rocks. One, three or five injection bolts are
installed in its roof. It is assumed that the host rocks have an initial permeability k, =
0.01 mDa. Simulation of the injection process started from the second time iteration i.
The injection time is four iterations (about 20 min), and the same time is required for
the complete solidification of the polymer. It is further assumed that during the
solidification of the polymer in each reinforced finite element:

- the modulus of elasticity increases linearly from 10* MPa to 1.7 * 10" MPa;

- ultimate compressive strength o increases by 1.5 times;

- ultimate tensile strength increases by 2.0 times;

- the permeability coefficient decreases linearly to O.

The metal injection tube acts as a roof bolt after the polymer has solidified in the
borehole. Therefore, we take into account the reinforcing effect of rod finite elements
that simulate roof bolts from the moment i = 6 (about 30 min).

Change in rock permeability when one injection bolt is installed in the mine
roof. As a result of the modeling, we obtained the values of geomechanical and
filtration parameters at various time iterations. In Figure 1, we can see distributions of
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values of the coefficients of rock permeability around the mine working with
rectangular cross-section when one injection bolt is installed in its roof.
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Figure 1 — Distribution of permeability coefficient values around the single injection bolt: a) t = 20
min; b) t =30 min; ¢) t =40 min; d) t =50 min
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As the mine working is driven, equilibrium state of the rocks is disturbed, and
initial stress field is re-distributed. By the moment of the roof bolt installation, the
boundary rocks have been partially unloaded from the rock pressure, and filtration
area has been formed around the working where k < k.

When the hole has been drilled, injection bolt has been installed and polymer
injection has started, permeability of the rocks around the bolt begins to change,
Figure 1a. When t = 30 min, the injection process is completed, the polymer is
partially solidified. The metal tube starts to work as a roof bolt. The modulus of
elasticity and the ultimate strength of rocks consolidated by polymer are increased.
As a result, the diversity of the stress field components is decreased. The values of
the permeability coefficients are decreased, at least in a small volume of rocks: k is
getting lower than k,. During the next 10 min (Figure 1 c), the area of consolidated
and impermeable rocks around the roof bolt is expanded. By the moment t = 40 min,
diameter of the area where k < 0.1 has become 1.1 m. At the moment t = 50 min, the
polymer is completely solidified and the volume of impermeable rocks around the
roof bolt is further increased. Diameter of area with such polymer-reinforced rock-
bolt support now reaches 2.0 m, Figure 1 g.
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Average values of the permeability coefficients in zone of roof bolt influence, with
dimensions of 2.0 x 2.0 m, changes over time (Figure 2). For comparison, we show the
curve of the average permeability change in the same area with no roof bolts.
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Figure 2 — The average values of the permeability coefficients in the zone of roof bolt influence

One can see that before the start of the polymer solidification process (t < 20 min)
the permeability curves for both cases - with and without injection bolt - practically
coincide. At t> 20 min, permeability of the roof rocks around the injection bolt
begins to decrease because the polymer solidification process starts and metal tube
begins to work as a roof bolt. At the same time, such processes as unloading of the
roof rocks from rock pressure, crack proliferation and increase of the rock filtration
permeability continue in the mine working with no bolt.

Change in rock permeability in the mine roof with three and five injection
bolts. During the first 20 min after the simulation starts (Figures 3 a and 4 a) the roof
rocks permeability practically is not changed. After next 10 minutes, when the
injection process has already been completed, the polymer is partially solidified,
metal tube starts to work as a roof bolt, and rock permeability begins to noticeably
decrease. The values of the permeability coefficients k decrease to the value of the
initial permeability ko, (Figures 3 b and 4 b) and with the number of bolts N, = 5 in the
much larger volume of rocks. This effect neutralizes changes in permeability caused
by the working driving.

When the polymer solidification process is completed, at t = 50 min (Figures 3d
and 4d), area of consolidated rocks around the roof bolts expands. From this
moment, each of the roof bolts is surrounded by impermeable rocks with a diameter
of more than 0.6 m. However, at N, = 3, there is high permeability rock between
impermeable areas. Three polymer-reinforced monolithic rock-bolt supports are not
interconnected; they are separated by fractured, disturbed rock, where permeability k
exceeds 0.4 mD. At N, = 5, five polymer-reinforced supports in the working roof
form a rock-bolt canopy, which is practically impermeable. The area where k < kg
now occupies most part of the mine working roof. The stress state of rocks in this
zone has transited into the uniform compression mode and is stabilized.
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Figure 3 — Distribution of permeability coefficients values, N, =3: a) t = 20 min; b) t = 30 min;
¢) t=40 min; d) t =50 min
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Figure 4 — Distribution of permeability coefficients values, N, =5: a) t = 20 min; b) t = 30 min;
¢) t=40 min; d) t =50 min
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The change in the average values of the permeability coefficients of the roof rock
(in the area of 5.4 x 2.0 m) is shown in Figure 5 for N, = 1, 3 and 5.
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Figure 5 — The average values of the permeability coefficients in the zone of roof bolts
influence

At the initial stage of the injection process, at t = 20 min, values of the average
filtration permeability k,, in the consolidated area reach 0.15 mD for all considered
cases. Then permeability of the rocks begins to decrease if bolts are installed in the
working roof. When the processes of polymer injection and solidification is completed,
at Ny = 1, the average value is ky, = 0.17 mD, at N, = 3 ky, = 0.086 mD, at N, =5 kg,
= 0.042 mD (for the accepted initial and boundary conditions). With increased density of
the injection bolts installation, average value of the permeability coefficients in this area
of the mine working roof decreases by 4 times. The formed rock-bolts canopy can serve
as a barrier, which restrains water and gas inflowing from the undermined rocks into the
mine working.

Conclusions. A numerical model of coupled processes of the rock deformation and
filtration of liquid polymer components was used to investigate the rock permeability in
the mine working roof depending on the number of injection bolts.

The host rocks permeability was calculated for the cases when one, three or five
injection bolts were installed in the mine roof. It is shown that permeability of the roof
rock around the injection bolt decreases when the polymer solidification process begins
and metal tube starts to work as a roof bolt. Diameter of the created polymer-reinforced
rock-bolt support reaches 2.0 m, for the accepted initial and boundary conditions. The
polymer-reinforced monolithic rock-bolt supports are not interconnected; they are
separated by fractured, disturbed rock if number of the bolts is three. Five polymer-
reinforced supports installed in the mine roof form a rock-bolt canopy, which is
practically impermeable. That is why density of the injection bolts installation plays a
significant role in the formation of the rock-bolts canopy. With increase in the number of
bolts from one to five, average value of permeability coefficients in the mine working
roof decreases by 4 times. The formed rock-bolts canopy can serve as a barrier, which
restrains water and gas inflowing from the undermined rocks into the mine working.
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AHoTauif. besneka i eEKTUBHICTL OCBOEHHS BYFMbHUX POAOBWLY 3aneXWTb Bif MPUPOLHWX TEOMEXaHIYHWX i
rigporeonoriyHX YMOB BefeHHs ripHuumx pobit. OgHum i3 cnocobiB 60poTbOM 3 ra3oBWAINEHHAM i BOZONPUNIMBaMA €
CTBOPEHHS HEMPOHUKHOI 0BNacTi B Mopofjax HABKONO BUPOBKM 3a JONOMOrot0 iH'EKLiiHX aHKepiB. i hopMyBaHHS 3anexuTh
Bil po3mipiB obnacti inbTpalyii, NPOHMKHICTL B K BU3HAYAETHCS MPUPOLHOK TPILLMHYBATICTIO MOpig | CTyneHeMm
PO3BAHTAXEHHS! MPUKOHTYPHOTO MacvBy 3a Yac, LU0 MMHYB 3 MOMEHTY nocyBaHHs BuOOL. MeTot poboTu € LOCTimKEHHS
YMOB YTBOPEHHS HEMPOHWKHOT 0611aCTi B NOKpiBNi BUPOOKK.

3 BUKOPUCTaHHAM 4MCenbHOT MOENi 3B'A3aHMX MpoueciB AedhopMyBaHHS MOPOAHOTO Macvey i inbTpali pigkux
KOMMOHEHTIB MOMIMEPHOTO CKITaay BUKOHAHO AOCTMKEHHS 3MiHM MPOHWUKHOCTI NOpiZ B MOKPIBAI MPHUYOT BUPOOKW B 3aN€XHOCTI
Bifl KINbKOCTi iH'eKUiMHUX aHKepiB. Mpu pO3B's3aHHi 3ahadi BpaxoBYETbCA MOYATKOBA MPOHWKHICTL MOpid, LU0 BMILLAOTL
BMPOOKY, i MPOHMKHICTb, 0BymOBMEHa ii MPOBEAEHHAM, YaC HarHiTaHHs | 3acTuraHHs nonimepy, edekT CriHBaHHS
MoNiIMEPHOrO CKNagy npu 3MillyBaHHi MOrO KOMMOHEHTIB. MogentoeTbes 3MiHa  (isnKo-MexaHiuHUX | inbTpaLjinHmnx
BMACTVUBOCTE MOPOAHOrO MacuBy Mpu 3acTWraHHi nonimepy. BpaxoByeTbes, O MeTarneBa HarHitanbHa Tpybka BCTynae B
poboTy B SIKOCTi aHKepa TiMbKK Micrs 3aCTUraHHs NONIMEPHOTO CKIagy.

PospaxyHku BUKOHAHO ANS BUNAAKIB, KOMW B MOKPIBMI BAPOOKM BCTAHOBMEHO OAMH, TPW i M'ATb iH'EKLiiHMX aHKepiB.
[Noka3aHo, LLO KiNbKICTb aHKepiB rpae Baxknmey porib Y hopMyBaHHi NOPOAHO-aHKEPHOTO NEPEKPUTTS. [N1s NPUIAHATUX B AaHii
3a7adi yMOB OTPMMAHO, LLO MPM YCTaHOBL|i B NOKPIBMNi BUPOOKM TPbOX iH'EKLIIAHMX aHKEPIB TPX 3MiLHEHI MOMNIMEPOM MOHOMITHI
NOPOAHO-aHKEPHI ONOpU He MOB'A3aHi Mix Coboto, iX PO3AINAKTL AINSAHKM TPILLMHYBATUX, NOPYLIEHUX nopia. Mpu ycTaHoBLj
M'ATV iH'EKUiHMX aHKepIB i3 3MILHEHNX NOMIMEPOM Nopia OPMYETLCS EAVMHE NEPEKPUTTS, MOPOLHO-aHKEPHI OMOPK LLiSIbHO
B3aeMoAitoTb Mix coboto. CepeaHe 3HaYeHHst KoedoillieHTIB NPOHWUKHOCTI B 3aaHKepOBaHii 06nacTi 3MeHLyeTLCA B 4 pasu.
CchopmoBaHe MOPOAHO-AHKEPHE MEPEKPUTTS MOXE CRyxuTKU Bap'epom, LLO CTPUMyE BOZOMPWMIMBM i ra3oBWAINEHHS 3
nippobneHnx nopig BcepeamHy BUpobku.

KntoyoBi cnoBa: iHEKUiiHAA aHKEp, HarHiTaHHS 3MILHIOIYOTO CKMady, HEMPOHWKHE MEepeKpuTTs, YMUCENbHe
MOZENOBaHHS 3B'SA3aHMX NPOLIECIB.

AHHoTaums. besonacHocTb 1 30hhEeKTUBHOCTL OCBOEHMSI YrOMbHbIX MECTOPOXAEHUIA 3aBUCUT OT ECTECTBEHHbIX
rEOMEXaHN4ECKMX 11 TMOPOre0NIonYECKMX YCMOBUI BEAEHUS rOpHbIX paboT. OgHMM M3 cnocoboB 60pbObI C ra3oBbiAeNEHNEM
11 BOJOMPUTOKAMU SIBMISIETCA CO3[aHNe HenpoHULaemMon 0bnacTi B nopoaax BOKPYr BbIPabOTKM C MOMOLLbK) MHBEKLMOHHbIX
aHkepoB. Ee ¢hopmupoBaHie 3aBMCUT OT pasmepoB obractu unbTpauuy, MPOHMLIAEMOCTb B KOTOPON OMPEdensieTcs
NPVPOLHOI TPELLMHOBATOCTLIO MOPOA W CTENEHbK) Pasrpyskv MPUKOHTYPHOrO MaccuBa 3a BPeMsi, NpoLeLlee ¢ MOMeHTa
noasuraHus 3abosl. Llenbto paboTbl SBNSETCA MCCNenoBaHne YCnosuin 06pa3oBaHns HeMpoHULaeMoit obnact B KpoBne
BbIPabOTKM.

C vcnonb3oBaHNeEM YMCIIEHHON MOAENN CBA3AHHBIX NPOLECCOB AepOPMMPOBaHIS NOPOAHOMO MaccyBa M UnbTpaLym
XUOKX KOMMOHEHTOB MOMIMMEPHONO COCTaBa BbINOHEHO UCCNeA0BaHNE U3MEHEHNS MPOHULIAEMOCTY NMOPOL B KPOBIE FOPHON
BbIpaboTKM B 3aBMCMMOCTM OT KOMMYECTBA WMHBEKLMOHHBIX aHKepoB. [py pelleHuMn 3afjaum YuuTbIBAeTCs HadanbHas
NPOHMLL@EMOCTb BMELLAKOLLMX MOPOA W MPOHWLAEMOCTb, 0BYCroBneHHas NpoBeaeHNeM BbIpaboTKW, BPEMS HAarHETaHns
3aCTbiBaHus nonumepa, 3@eKT BCMEHMBAHUS MOMMMEPHOrO COCTaBa NpU CMELLMBAHWM €10 KOMMOHEHT. MogenvpyeTtcs
M3MEHEHWE (DM3MKO-MEXAHMYECKMX W (DUNbTPALMOHHBIX CBOWCTB MOPOLHOTO MaccvBa MpW 3acTbiBaHWM MonMMeEpa.
YunTbiBAETCS, YTO MeTannmMyeckas HarHetatenbHas Tpybka BCTynaeT B paboTy B KayecTBe aHkepa TOMbKO nocre
3aCTbIBaHMS MOMMMEPHOTO COCTaBa.

PacueTbl BbINOMHEHb! Ans Cryyaes, Koraa B KPOBME BbipabOTKM YCTaHOBNEHb! OAMH, TPU W NSATb MHBEKLMOHHBIX aHKepa.
lMokasaHo, YTO KOMWYECTBO aHKEPOB WIpaeT BaxXHyl0 POfb B (HOPMMPOBAHMWM MOPOAHO-aHKEPHOTO MepekpbITvs. [ns
NPVYHSATLIX B JAHHO 3afjaye YCMOBMIA NOMYYEHO, YTO NPW YCTAHOBKE B KPOBIE BbIPabOTKM TPEX MHBLEKLMOHHBIX aHKEPOB TpH
YNPOYHEHHbIE MOMMMEPOM MOHOMMUTHBIE MOPOAHO-aHKEPHbIE OMOPbl HE CBA3AHbI Mexay CobOoW, UX PasgensoT yyacTku
TPELLUMHOBATbIX, HAPYLLEHHbIX NOPOA. IMpW YCTaHOBKE MATWU MHBLEKLMOHHBIX aHKEPOB W3 YNPOYHEHHbIX MOMMMEPOM NOpOs
hOpMMPYETCS eMHOE NepekpbITe, MOPOAHO-aHKEPHbIE OMOPbl MAOTHO B3aMMOAENCTBYIOT Mexay cobon. CpenHee
3HauyeHne Koath(MULUMEHTOB MPOHMLAEMOCT B 3aaHKepoBaHHOW 06rnactv ymeHbluaetcs B 4 pasa. CchopmmpoBaHHOE
NMOPOAHO-aHKEPHOE MEPEKPbITUE MOXET CNyXUTb BapbepoM, CAEPKVBAOWWM BOAOMPUTOK W ra3oBblaeneHue W3
noppabaTbiBaeMblx NOPOA BHYTPb BbIpaboTKM.

KntouyeBble CnOBa: WHLEKLMOHHbIA aHKEpP, HarHETaHWe YMPOYHSIOLIEr0 COCTaBa, HEMPOHMLAEMOe MEepPeKpbITHE,
YMCIIEHHOE MOLENMPOBaHE CBA3AHHbIX MPOLIECCOB.
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