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PE®EPAT
[TosicHroBanbHa 3anucka: 92 CTOPiHKHU, 5 TaOIUIh, 24 MaJIIOHKA, 77 JKepel.

O0’exkT [OCHiIKEeHHN: MPOLEC 3MILMHEHHS caadoMeTamMop(pIYHOTO MacUBY
CUCTEMOIO KPIIIJICHHS.

MeTa nocaigkeHHs 0JSATae B OOIPyHTYBaHH1 MapaMeTPiB CUCTEMU KPITUICHHS
3 ypaxyBaHHsM 3akoHoMipHOCTi 3MiHM HJIC orouyroumx mopin st 3abe3rneueHHs
CTIMKOCTI T'IpCbKOTO MacHuBYy.

VY nepromy po3iiii BAKOHAHO aHalli3 CTaHy MpoOJieMH 1 BU3HAYECH] IIUISIXH 11
HAyKOBO-MIPAKTUYHOTO pilleHHA. PO3riasHyTI MIISXM BUBYEHHS MEXaHIYHUX
BJIACTHUBOCTEM KOPUCHUX KOIAJUH Ta TIPChbKOTO MacUBY METOAAMHU MOJICIIOBAHHS.
Po3rnsiHyTi 1axTHI Ta 1a00paTOpHi METOIM BU3SHAUYECHHS MEXaHIYHUX BIACTHUBOCTEH
MOP1JT Ta YUCEIIbHI METOJIU MOJICITFOBAHHS.

Y  napyromy po3auti  3poOiieHHE  BUOIp  METOAy  JOCHIKCHHS
crnabomeTaMopIUHUX TTOP1 1 TOOYI0Ba METOTY JOCTIIKEHHS. PO3IsIHYTI OCHOBHI
ocobnmBocTi MeToy KiHneBux enemeHTiB (MKE) ta o6rpynToBano BUGIp mporpamu
U1 mocimkeHHss. OOpaHi MOYaTKOBI Ta TPaHUYHI YMOBH BIJIOBITHO J0 T1PHUYO-
reosoriuanx ymoB I[IpAT «JITEK IlaBnorpamsyrimis» BCIT  «lllaxra
"JlainpoBchka'». HamaHi 3araiabHi BiIOMOCTI PO MIATTPUEMCTBO, 32 YMOBAMH SIKOTO
IPOBOAMIACH TOCHIIHUIIBKA poOoTa. 3a mornomMororo mnporpamu 3D-monentoBaHHS
”SolidWorks”, mobynoBaHi JeKijibka BapiaHTIB HAPYKEHO-1e(OPMOBAHOTO CTaHY
MAacHBY 3 PI3HMMH THUIIAMHU KPIIUICHHS BUPOOKH. [licis MomyiroBaHHs IPOIIECIB
HaNpYXEHHS BUPOOKH, 3po0aeHuit anani3 Ta BucHoBku no HJC macusy.

VY TpeTboMy pO3Aii PO3TIIAHYTI PEKOMEHAIli M0 3a0€3MeYeHHIO CTIHKOCTI
BUp0OOK. OOTpyHTOBAHO BUOIP CHCTEMHU KPIIJICHHS BUPOOKH 1T KOMIT FOTEPHOT'O
MozemoBaHHs. [IpoBeneHo aHami3 3aCTOCOBAHWUX KOHCTPYKIIM KpPITUIGHHS ISt
ripHAYO-TeoNIoTiYHNX yMoB 3axigHoro JlonbOacy. 3poOrneHi pexoMmeHmaiii
napameTpiB kpiruieHHs st ymMmoB [IpAT «/ITEK ITaBnorpaasyrimisy BCII «lllaxTa
"JlHimpoBchKa"» Ta OOIPYHTOBAHO MOXIJIMBE PECypco30epekeHHsI NpH KPIirieHH1
JOTIOMDKHOT BUPOOKH. Y po3aini «OxopoHa mpaii» BHU3HAYCHHI 3aXOAH IO
3armo0IraHHI0 MOXKEXK Ta 3aX0U 0E3MEYHOTO BCTAHOBJICHHSI aHKEPHOTO KPITUICHHS,
MpOpaxoBaHa OYMCTKA MUY 3 BUXITHOTO CTPYMEHIO MOBITPS Ta 3axoAu Oe3nekn. Y
€KOHOMIYHOMY pO3JUTI PO3TJISHYTI TMOKa3HUKH, IIO0 CBITYaTh MPO EKOHOMIYHY
MPUBAOIUBICTh TPUUHSITOTO PIIICHHS.



STRUCTURAL ABSTRACT
Report: 92 pages, 5 tables, 24 figures, 77 references.

Object of study: the process of stabilization of a slightly metamorphosed rock
massif by the support system.

Purpose of the study is in reasoning of the parameters of support system, taking
into account the regularity of changes in the stress-strain state of the surrounding rocks
to ensure the stability of the rock massif.

The first section analyzes the state of the problem and identifies ways of its
scientific and practical solution. It is researched the ways of studying the mechanical
properties of minerals and rocks by simulation methods. Field and laboratory methods
for determining mechanical properties of rocks and numerical simulation methods are
analyzed.

In the second section it is made a choice of slightly metamorphic rocks
investigation method and the construction of the research method. The main features
of the finite element method (FEM) are viewed and the choice of the program for
investigation is substantiated. Selected initial and boundary conditions in accordance
with the mining and geological conditions of PJSC "DTEK Pavlogradvugillya" PSD
"Dniprovska" mine. General information about the company under the terms of which
the research was conducted is provided. By the means of 3D-simulation program
“SolidWorks”, several variants of stress-strain state of the massif with different types
of the working support are constructed. After simulation of the processes of working
loads, the analysis and conclusions of the rock massif stress-strain state are made.

In the third section it is viewed the recommendations for providing of the
working support stability. The choice of the working support system for computer
simulation is based. An analysis of the support structures used for the mining and
geological conditions of Western Donbass is carried out. Recommendations of support
parameters for the conditions of PJSC "DTEK Pavlogradvugillya" PSD "Dniprovska"
mine and substantiation of the resource saving at the supporting of development drift
were made. In the section "Labor safety" defines the measures for fire prevention and
measures for the safe installation of rock bolts, the calculation of dust from the return
ventilation air and protection activities. In the economic section, the indices that
indicate the economic attractiveness of the decision, are viewed.
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BCTYII

AKTyaJbHicTh mnpoOjemu. Po3poOka poAoBHIL KOPUCHUX  KOMNAJUH
3aJUIIAETHCS aKTyaJIbHUM 3aBJAHHSAM JIJIsl CTAHOBJICHHS €HEpProoOe3meku. 3HauHUi
BIJICOTOK CO0IBapTOCTI NOOYTKY BYIULIS BUIIQJa€ Ha KPIMUIEHHS Ta MIATPUMaHHS
TipHUYMX BUPOOOK. 3ajaya ONTUMi3allii BUKOPUCTAHHS PECYpCiB IPYHTYEThCS Ha
MOKpAIlleHH] HaOUIbII EKOHOMIYHMX TEXHOJIOT1M JJig KpIIJIEHHS BHPOOOK,
3acHoBaHMX Ha ympasiainHi HJIC Tipchkoro macwBy 3 KepyBaHHSM MPOSBAMH
ripcbkoro THcky. Llg npobnema aktyanbHa ais maxt 3axigHoro Jonbacy. B ripuuyo-
reOJIOTTYHUX YMOBaX IMX IIaxXT, cirabomMeTaMop(iuHi MOPOAN BUKIUKAIOTH PO3BUTOK
BHCOKOT'O TiPCHKOT'O TUCKY Ha KPIIJICHHS Ta KOHTYp BUPOOOK. Takok MarOTh BILJIUB
psa mociadorounx (akTopiB, TaKUX SK TPIIIMHYBATICTh, HACUYEHICTH BOJIOIO Ta
peosioris. BrmacTuBOCTI mopi MarOTh CYTTEBE 3HAYEHHS MpPU BUOOPI TEXHOJOTIi
BEJICHHsSI TIpHUYUX poOIT. ToMy BaKJIMBUMH 3aJUIIAIOTHCS JTOCTIDKEHHS, SKi
HaIpaBJICHI Ha BUBYEHHS BJIACTMBOCTEW KOPUCHUX KOMAJIMH PI3HUMU METOIaMHU.
Cepen mMeToJ1iB HEOOXITHO BHAUIMTH 3 OJHOTO OOKY HalOUIBII Cy4YacHi, a 3 1HIIIOTO
HaWOLIBII €(EeKTUBHI IS YMOB PO3pOOKH POJOBHIN cllaboMeTaMop(diuHUX TOPiA
3axigHoro JlonOacy. MexaHI4H1 Hampyru Ta TUCK BIUIMBAIOTh Ha KOXEH IUIACT Ta
BUpOOKK. Tomy IOCHKEHHS CIHpsSMOBaHI Ha BHBYCHHS CYYaCHHX TEXHOJIOTIN
MEXaHIYHUX BJIACTUBOCTEW TOPIJ METOJaMU MOJICTIOBAHHS ISl PIIICHHS 3aBIaHb
KEepyBaHHS CTIWKICTIO MAacHBY TIpCHKMX MOpiA. 3a paxyHOK 3ajJydyeHHs MpOIECIB
MOJICIIIOBaHHS, CTa€ MOJIMBUM MPOPAXyBaTH HAWOLIBII E€KOHOMIUYHO BHUTIAHI

BapiaHTH CUCTEMU KPITUICHHS Ta MATPUMAHHS CTIMKOCT1 BUPOOKH.

Inest mocJigskeHb MONSTaE Y BAKOPUCTAHHI 3aKOHOMIPHOCTI 3MIHH HaIPy>KEHO-
nedopmoanoro crany (HJIC) cuctemu «MacuB-KpiruieHHsD JUTsl BUPIIICHHS 3aB/IaHb

VIOPABIIHHS CTIHKICTIO clabomMeTaMop(idHOTO MaCHBY.

MeTta pocaigkeHHs TIOJATAE B OOTPYHTYBaHHI MTApaMeTPiB CUCTEMU KPITUICHHS
3 ypaxyBaHHsAM 3akoHoMipHOCTi 3MiHM HJIC orouyroumx mopim mis 3abe3rneueHHs

CTIMKOCTI T'pCHKOTO MAacHUBY.



3aBIaHHA TOCIIKeHHA:

1. Bukonatu aHami3 METOAIB MOJENIOBaHHSA IPU BUBYEHHI MEXaHIYHUX
BJIACTHUBOCTEH rPChKOI0 MACHBY;

2. Ilo6ynyBatu 1 OOrpyHTYBaTH TIE€OMEXaHIYHI Mojedl OOYUCIIOBAILHOIO
eKCTIIEpUMEHTY Ha 06a31 00paHOro METOAY MOJICIIOBAHHS;

3. IlpoBectu ananmiz orpumanoro HJIC mna  ymoB IIpAT «ITEK
[aBnorpaasyruuisiy BCIT «Illaxra "JlninmpoBcbka"» Ta OOrpyHTYBaTH

palioHalIbH1 MapaMeTpy CUCTEMH KPIIUICHHS.

O0’exkT nOCaiIKeHHN: MPOIEC 3MIIMHEHHS caadoMeTaMophIYHOr0 MacuBY

CUCTEMOIO KPITIJICHHS.

IIpeamer nmocJimzkeHHsi: 3akoHOMIpHOCTI po3BuTKY 30H HJIC mopin Ta ix

3B’S130K 3 JIOCHIPKYBAaHUMU MTapaMeTPaMH.

MeToam A0CiKeHb: IS BUPIIICHHS MOCTaBICHUX 3aBJaHb BUKOPHCTAHHMA
KOMIUIEKCHUH MIAXIJ, IO BKJIIOYAE€ aHajai3 METOIB MOJIEIIOBAHHSI, OOYMCIIIOBAHUMN

excriepuMeHT Ta aHaniz HIC «MacuB-KpiraeHHs».

IlpakTuyHe WiHHiICTH PO0OTH TMOJsATae B OOIPYHTYBaHHI T€OMEXaHIYHOT
Moze craboMeTaMop¢IIHOTO BYTJIEBMICHOIO MAacHBY TOPiJl B OKOJIUIII MiATOTOBYOT
BUPOOKH, SIKa peari3oBaHa 3a JOMOMOIO0 TaKeTa CYYacHUX KOMIT FOTEPHUX Tporpam
1 iX gomarTkiB; OOTpYHTYBaHHI IapaMeTpiB NMPUUHATTS TEXHOJOTIUHHMX PIllleHb MPH

BUOOPI1 CHCTEM KPIIJICHHS BUPOOOK.

HaykoBa HoBu3Ha poGorm moimsrae y pnocmimxeHHi HJIC wmacuBy mpwm
OOTpyHTYBaHHI KOMIT IOTEpPHOI TeOMeXaHIYHOi MOJedl MIArOTOBYOI BUPOOKH 3
ypaxyBaHHSIM C1aboMeTaMOp(IYHOTO0 MAacHBY TOPIJ] Ta XapaKTEPUCTHUK EJIEMEHTIB

PaMHO-aHKEPHOI CUCTEMU KPIIJICHHS.



INTRODUCTION

Significance of the problem: mining of mineral deposits remains a topical issue
for the development of energy industry. A significant percentage of coal mining costs
is accounted for the costs on mining workings development and their support. The
problem of cost-effective usage of resources is come out as the improvement of the
most economically viable technologies for support of workings based on managing the
stress-strain state of the rock massif with the manifestations of rock pressure. This issue
is especially of current interest for Western Donbass mines. In the conditions of these
mines, slightly metamorphosed rocks generate the development of high rock pressure
on the mine support and the working outline. In addition to this, there is an influence
of the weakening factors such as rock fracturing, water-saturation and rheology. Rock
properties have an important role at choosing of mining technology. Consequently,
investigations that focus on the study of mineral properties by various methods remain
important. It should be highlighted both the most modern and effective methods for the
development of the slightly metamorphosed rocks of the Western Donbass. Mechanical
stresses and pressures act on every layer and working. For this purpose, the studies are
aimed to investigate the modern technologies of mechanical properties researches by
simulation methods for solving problems of stability control of the rock massif. By
engaging in simulation processes, it becomes possible to calculate the most cost-

effective options for support systems and maintaining production stability.

Investigation concept is in use of regularity of changes of the stress-strain state
of system “rock massif-support system” to solve the problems of stability control of a

slightly metamorphosed rock massif.

Purpose of the study is in substantiation of support system parameters, taking
into account the regularity of changes in the stress-strain state of the surrounding rocks

to ensure the stability of the rock massif.



Targets of the study:

1. To carry out analysis of simulation methods in the study of mechanical

properties of the rock massif;

2. To design and give an argumentation of the geomechanical models of

simulation experiment on the basis of the chosen simulation method;

3. To make an analysis of the SSS received for the conditions of PJSC “DTEK
Pavlogradvugillya” PSD “Dniprovska” mine and substantiate the rational

parameters of the support system.

Object of study: the process of stabilization of a slightly metamorphic rock
massif by the support system.

Subject of study: regularity of SSS zones development of rocks and their

relationship with the studied parameters.

Methods: an integrated approach was used to solve the set tasks, including the
analysis of simulation methods, the simulation experiment, and the analysis of the SSS

of "rock massif-support" system.

The practical value of work is to substantiate the geomechanical model of a
slightly metamorphic carbonaceous massif of rocks in the vicinity of development drift,
which is realized with the help of a package of modern computer programs and their
applications; substantiation of the parameters of technological decisions in the choice

of the working support system.

The scientific novelty of the work is in the study of the SSS of rock massif
when reasoned a computer geomechanical model of development drift taking into
account a slightly metamorphic rock massif and characteristics of the elements of the

“frame-rock bolts” support system.
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PART 1

INVESTIGATION OF THE ROCK MASSIF MECHANICAL
PROPERTIES BY SIMULATION PROCEDURES

1.1 Current state of Ukraine’s coal industry

Coal industry is one of the main parts of the world’s fuel industry. Coal mining
enterprises located in 7 regions of Ukraine and it is the main raw material of the
country. There are 3 main coal basins such as Donbas, Lviv-Volhynian and Dnipro
brown coal mining basins. This fossil fuel can ensure energy independence and
contribute development of different industries, especially metallurgical and chemical.
Reserves of this fuel in Ukraine are estimated at 60 billion tons, among them

approximately 10 billion tons are economically extractable [1].

The largest privately owned energy company in Ukraine is DTEK. DTEK
Energo produces coal and coking coal, which is enriched in Ukrainian factories.
According to the official statistics of the company, in 2018 the total coal production
was 24.1 million tons. The largest coal mining enterprise in Ukraine is PJSC "DTEK
Pavlogradvugillya", that is situated in the Western Donbass region. There are 10 mines

in this company and the enterprise employs more than 26 thousand people.

Coal production of "Pavlogradvugillya"
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0
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Figure 1. Coal production of “Pavlogradvugillya”
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DTEK Energo produces steam and coking coal, which is enriched on Ukrainian
factories. Gas coal is extracted by the miners of DTEK Pavlogradvugillya, DTEK
Dobropillyavugol and the Belozerska mine [2].

The mines of the Western Donbass are characterized by rough ground conditions
due to mining operations in stratified massif of soft rocks, some rocks are water

saturated and smashed by intensive laminationt[3].
1.2 Mechanical characteristics of rocks

Mechanical properties, strains and pressures have an influence on each
productive layer and mining workings. These specifications are very significant for
mining engineers and geologists. In coal industry, a number of emergency conditions
can be obtained due to the wrong interpretation of mechanical properties of rocks. But
nowadays in virtue of monitoring of the geomechanical processes as well as
geotechnical measurements and simulations, engineers have an opportunity to control
the massif stability and prevent accidents.

Mechanical properties of rocks play an important role in the field development
and design. These properties characterize the behavior of rocks under the application
of various forces. There are different reactions on external mechanical action
depending on the structural rock features, type, direction, value and time of the load
application. These properties are divided into a number of groups: strength
characteristics, characterizing the ability of rocks to collapse irreversibly with
discontinuity; strain characteristics, characterizing the ability of the rock to deform
elastically under load; rheological, characterizing the change in mechanical
characteristics under the long-term impact of loads; plastic, characterizing the ability

of rocks to deform irreversibly without breaking the continuity [4].

Special attention is paid to the such rock characteristics as heterogeneity,
jointing, porosity, strength, lithology, structure, texture, mode of occurrence, depth of
occurrence, faulting, density and seam thickness. These parameters are the basis for
the follow-on development of the physics and numerical schemes [5].

It 1s existed a number of methods for mechanical rock -characteristics

determination. Among them there are such indirect methods with correlations with
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classification indices as the Rock quality designation [6], the Rock mass rating [6], the
Q-system [7] and the Geological strength index [8].

At the present time, there are many techniques for researching the mechanical
rock features, which are based on usage of core analyzes and geomechanical modeling
of deformations, stresses and rock strengths to achieve better design and maintenance
workings. Thus, in this paper we consider the basic modeling methods for determining

the mechanical properties of rocks.
Strain characteristics of rocks

The ability of rocks to deform elastically is characterized by values such as
modulus of elasticity - E (Young’s modulus), Poison’s ratio (v), shear modulus (G) and

bulk modulus (K).

Modulus of elasticity (E) defines tensile elasticity. It is a ratio of normal stress
to axial strain. It is a trend of the subject to deform along axis when resistance forces

are attached along that axis [9], [4]:

o
E=—
&

where ¢ - is a normal stress (compressive or tensile) and € - is axial strain
(deformation).

Poisson’s ratio (v) is the ratio of transverse compression to the axial tension.

The shear modulus (G) is coefficient of proportionality of shear strength to

corresponding shearing strain, that characterize the deformation of the material:

T
G=-—
14

where 1 - is shear strength and y- is shearing strain.

The bulk modulus (K) characterizes the reaction of the material to uniform
pressure. These moduli are connected between each other for isotropic materials by the

equation [9], [4]:

26(14+v)=E =3K(1—-2v)
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Due to the fact that the real relationship between stresses and strains for rocks is
curvilinear and plastic deformations often appear immediately after loading, it is
needed to introduce the concept of the modulus of deformation (Em). According to
the International Society for Rock Mechanics (ISRM), this modulus is the relation of
stress to appropriate strain within load of rock mass, including elastic and inelastic

behavior [10].
Strength characteristics of rocks

Yield value - is the value of the stress when the sample starts to deform

plastically. Yield point - it is a point where starts elastic and plastic deformation [11].

Compressive strength [oc] -is a maximum compressive stress (loads) that
object or material is able to withstand tending to reduce size, it is determined relatively

to the original cross-sectional area [4].
F
R, = 5

where F - is a compressive strength, S - initial cross-sectional area.

Tensile strength [6¢] is a maximum uniaxial tensile strength, that material or
object is able to withstand tending to elongate. It means, tensile strength resists tension,

whereas compressive strength resists compression [4].

where F - is a uniaxial tensile strength, S - initial cross-sectional area.

Shear strength [os] is uniaxial shear strength in the absence of normal stresses,

the ratio of the critical force F to the shear surface S.

In addition to this, shear strength for coherent rocks is determined by adhesion
and angle of shear resistance. Shear strength of the dense rock in a certain range of

stress 1s defined by linear function of Coulomb [4]:
T =o,tgp +c

where 7 - ultimate shear strength, Pa, o, - normal stress, Pa, tgd —internal


https://en.wikipedia.org/wiki/Tension_(physics)
https://en.wikipedia.org/wiki/Compression_(physics)
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friction coefficient, ¢ - adhesion, Pa, ¢ - angle of shear resistance, °.

Bending strength - maximum value of stress at which the rock sample is

breaking under the bending load [4].
Rheological characteristics

It is a set of properties that determine the ability of rocks to change in time the
stress-strain state in the field of action of mechanical forces. The main rheological
properties include: elasticity, plasticity, strength, viscosity, creep, stress relaxation.
Rheological properties characterize the change (increasing) in time of deformations of
rocks at constant stress (creep phenomenon) or the change (drop) in stresses at
constant strain (relaxation phenomenon). Creep and stress relaxation are associated

with the transition of elastic deformations into plastic [4], [12].
Plastic properties

Plastic deformation is different from destructive since it occurs without a clear
rock discontinuity. A greater amount of energy is spent on additional deformation of
plastic rock in order to destroy it than on the destruction of elastic (brittle) rock with
the same tensile strength. The ratio of work spent on the destruction of a real sample
to the work spent on the destruction of an ideally brittle rock with the same o is the

plasticity coefficient [4].
1.3 Mining and in-situ experiments

During mining workings there are a lot of deformation processes in the rock
massif. Accordingly, it can be not enough only theoretical calculations for evaluation
of rock deformation, stability and strength of the mine workings. In-situ tests give an
opportunity to receive the most accurate information about the rock stress-strain
behavior as well as the possibility of studying relatively large volumes of rocks and
studying such types of soils, samples of which hard to select with intact structure for
laboratory testing. But there is a number of disadvantages of this method such as a
large measurement base, complexity, required accuracy, theoretical justification and

large financial expenses. This method of simulation procedures is the most acceptable
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with the availability of underground workings, wells, complex measurement

equipment and proven technology for their implementation [13].

As It has been already expounded by a variety of scientists [14,15], the diversity
of block size, extent of fracturing, sheared zones, faults, blast damage, research
operation and method of investigation have a direct influence on the test results. It

should be conducted several tests to check the accuracy of the results.

According to the list of different structures that have been built on, in and of rock
[17,18] to the underground mining structures it was referred shaft, pillar, draft and
stope design; drilling and blasting; fragmentation, cavability of rock and ore, repairing

of rock burst, mechanized excavation and in-situ recovery.

It can be highlighted such main types of in-situ tests that determine deformation
characteristics (deformation modulus) of rocks such as plate bearing tests,
pressuremeter, Cone penetration test (CPT) and Standard penetration test (SPT),

geophysics, Dilatometer test (DMT) [16].
1.3.1 Plate bearing test and pressuremeter

In regard to the loading of certain part of rock mass, there are such widespread
tests for the definition of deformation modulus and ultimate bearing capacity such as
plate bearing test (PBT). There are 2 common types: plate loading and jacking test.
During PJT it is applied extensometer, - is a device for measuring changes in the length
of an object. PBT is usually conducted in accordance to the ASTM D1194 [19]. Within
PLD, it is excavated a prospecting borehole with a needed deepness. The dimension of
a well should be leastwise 5 times of the test plate. In the center of the well, it is creating
a hole with the same size as plate. A square or circular formed plate is used as load
bearing plate. A load is transmitting to the plate via the column that is situated in the
center. It is used 4 dial gauges on the plate, that register every increase of the load. The
main advantage of this type of test is a possibility to determine rock properties that can
be affected by low scale effects (inhomogeneity, jointing). The main disadvantage of

this method is the reliance of the test for homogeneous deposits [19].
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It was established by scientists from the USA [20], that PBT is a reliable method
for determining bearing capacity of roof and floor of seams in coal mines. For

minimizing an extrapolation, it is better to use plates of large areas.

It is also used Goodman jack test, in 76 mm boreholes, with 2 possible models:
a 12 piston model for usage in hard rocks, and a 3 piston model in soft rock and stiff
clays to figure out consolidation properties. Although, it was proposed several
corrections to the measurement of this test, the precision is still not satisfied. In the
research literature it was noted 2 factors that decrease values of the test. The first one
is not a complete connection between rock and plate if the borehole is undersized or
oversized and the second one is the upper limitation on the used hydraulic pressure.
Regarding the first factor, it was proposed a diameter-related correction on the grounds
of numerical simulation’s results. For the second factor, it was calculated the upper
limitation for the hold pressure in virtue of the Mohr-Coulomb and tensile failure

criteria [15,17,21].

In addition to these types, there are also such tests as large flat jack and radial
jacking test. During radial jacking, it is used a test chamber with circular cross profile
with uniformly distributed radial loading. Not only anisotropic deformability of rocks
can be measured, but also time-dependence deformation, as applied a constant pressure
and deformation is recording during the time. This method is costlier and more precise
in comparison to jacking tests or others and should be used when it is needed to obtain
values which show real rock mass properties not considering the influence of
discontinuities [22,23]. During large flat jack rock volume that is need to be loaded is
smaller than for radial jacking, but larger than for plate loading test. The jacks consist
of 2 steel parts with thickness less than 1 mm, welded around the edges, filled with
hydraulic liquids for applying a uniform pressure. It is used leastwise three circles of
loading before the difference in minimum and maximum loads in last 2 loadings does

not surpass 5% of total deformation [24,23].

According to the investigations [25], where it was used 3 types of tests: PJT and
PLT, and Goodman jack test, it was obtained that the PJT gives the most accurate

result, during which the deformations were tested by extensometers in boreholes.
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During PLT, the deformations have been fixed at the rock area of loading application.
And within radial jacking test, it is used 2 crimple coarse bearing plate with angular
divergence 90° that can be unclench inside the borehole by a range of pistons. In the
last test the deformations are measured by 2 detectors fixed in both ends of the plates.
PLT gives wrong results of the measures because experiments were made in the faulty

area from blasting.

According to ASTM D4719 [26], pressuremeter testing is applied for
deformation modulus specification of hard rock, semi-rocky and organic soil. It is used
a probe that interposed to the hole at the needed depth. The probe is an elastic capsule,
that is extended under the pressure and exerts uniform pressure on the walls of the well.
The walls start to deform under the constant pressure and after some time it is noted a
volume rising that is needed to control pressure. There are 2 types of pressuremeter
test: the first one with identical pressure increasing (stress controlled test) and the
second is increasing of volume with equal adding (strain controlled test). Pressuremeter
is also used for measurement of coefficient of lateral earth pressure, yield and limit
pressures among others. Advantages of this testing are application almost for any type
ofrock, a quick way for soil investigation, the borehole diameter can be not large, more
economical than plate load testing, compactness of the equipment set for testing. The
only one disadvantage is the possible difficulties if walls of engineering geological

borehole liable to move [26,27].
1.3.2 Cone penetration test (CPT) and Standard penetration test (SPT)

One of the popular dynamic in-situ method is Standard penetration test (SPT)
that is used for determining the resistance of soil by a dynamic implantation of a
detachable sampler (sample tube) into the soil with sampling of broken rocks. The test
operation is represented in the number of standards [28-30]. It is conducted by injection
of sample tube into the rock under the weight 63.5 kg of hammer falling from the height
of 760 mm. It records the amount of percussions the tube required to enter every 150
mm of depth till 300 (or 450 mm). The immersion is conducted in 3 steps. During 1-st
step the tube immerses without counting the number of blows. During 2 and 3 steps,

the total number of blows needed for tube immersion to the requires depth is counted.
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This number is called “standard penetration resistance” and indicated like “N-value™.
This test 1s simple and inexpensive. The main aim of this method is to give a relative
density of granular deposits as well as internal friction angle and immersion in loose
soil. However, the exact values should be found using correlations between field and
laboratory tests. The rock strength parameters are approximate, but it can give a
beneficial information about soil conditions, where it is difficult to have borehole
samples of normal quality for sand, clay, soft rocks. The test is simple, but its main
disadvantaged are time-consuming, the samples for testing are broken, the usage of this

method in cohesive rocks is limited [31].

In recent years, it is becoming popular Cone penetration tests, since they are
more productive and give additional information about rock properties due to
measuring of pore pressure and shear wave velocity. The standard cone has a diameter
of cylinder 35.7 mm, the angle at the apex of the axial section is 60°, the projection
(base) area of the cone is 10 cm?, the area of the friction clutch (side surface) is 150
cm?. There is a number of cone types. The strain gage (CPT) is able to measure front

resistance and friction along the lateral surface [31].

Last years, it is produced seismic probes (SCPTU) which additionally allow to
measure the velocity of a shear wave. In the work [32], It was studied the areas of
potential zones of discontinuity of the carbonaceous massif of the Western Donbass
and used the approach of calculating seismic characteristics such as coherence and

curvature of the wave field, using seismic cone penetration test.

Modulus of deformation for sand and clay soils can be defined with cone

penetrometer value (qc):
Ed:acqc,

where o - correlation coefficient depending on soil type and cone penetration

resistance, gc- cone penetration resistance [33].
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qe, MPa Oc Soil
<0.7 3-8 Low plasticity clay
0.7-2.0 2-5
>2.0 1-2.5
>2.0 3-6 Low plasticity silt
<2.0 1-3
<2.0 2-6 Highly plastic silt and clay
<1.2 2-8 Organic silt
<0.7 at natural 50-100 1.5-4.0 Peat and Organic Clay
moisture, W % 100-200 1.0-1.5

>200 0.4-1.0

Table 1. Correlations coefficient and Cone penetration resistance

The main elastic parameters are the deformation modulus and Poisson's ratio.

Using solutions of the theory of elasticity, the remaining modules can be determined

using the expressions (Table 2) [33]:

Shear modulus | Modulus of | Bulk modulus | Poisson’s ratio
(G) elasticity (E) (K) v)
GE |G E GE E —2G
9G — 3E 2G
GK |G 9GK K 3K — 2G
3K+ G 2(3K + G)
G,v|G 2G(1+v) 26(1+v) Vv
3(1 - 2v)
G,v E E E v
2(1+v) 3(1 - 2v)

Table 2. Expressions for modulus determination
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Type of soil v

Coal 0.3-0.35
Coarse rock 0.27
Sand and clay sand 0.30
Loam 0.35
Clay 0.42

Table 3. Poisson’s ratio for different types of soils
1.3.3 Geophysics

There are two the most widespread methods for studying of coal well log such
as scattered gamma radiation and natural gamma radiation. By gamma-method,
well logs are studied by researching natural gamma radiation of rocks, that compose
well log. By scattered gamma radiation method, it is studying gamma ray scattering
effect upon irradiation of rocks with a gamma ray source. The intensity of this radiation
is related to the density of the rocks. Radioactive tracer method studies the intensity
of gamma radiation of isotopes injected into the rock during drilling or during
subsequent well cleanout by these solutions. The method makes it possible to identify
porous beds in well sections. There is also such method as induced activity with the

help of which it is possible to determine the content of minerals in the rocks [34].

Also there are 2 geophysical testing (down-hole and cross-hole geophysics). In
both cross-hole and down-hole geophysics tests, it is determined primary
compressional and secondary shear wave velocities as a function of depth, which
further allow getting Young’s and shear modulus as well as Poisson’s ratio. During
down-hole geophysics it is determined VP and VS velocities in rocks crossed by a
single well. It is conducted a measurement of a transit time of a wave created by a
seismic source at the surface and 2 three-component geophones with interval of 1 meter
between them. Registration of test results were performed each 1 meter and the
maximum depth was 91 meters. During cross-hole geophysics tests, it is also performed
a measurement of VP and VS velocities. According to the ASTM D4428 [47], the depth
of the well was 100 meters. It is needed to conduct a number of measurements at

various depth to fix spreading time of waves [35].
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1.3.4 Dilatometer test

Dilatometer is a device for measuring the changes in body size caused by
external influence of heat (through heat transfer), pressure, electric and magnetic fields,
ionizing radiation or other factors. The most significant characteristic of a dilatometer
1s its sensitivity to absolute change in body size. This device has a system for

temperature measurement.

Audibert-Arnu dilatometer is used for the coal testing. The test is based on the
heating of the briquette rod pressed from coal and measuring the changes of its length
depending on the temperature changing. This method allows measuring not only coal
expansion, but also certain temperature points. The program calculates softening point,
temperatures of the maximum compression and expansion. There is also Sheffield
dilatometer, that is differed from previous one by not briquetting coal sample. It is just
tamped down to the tube bottom, which reduces initial shrinkage and since the diameter
of the piston is less than the diameter of the tube, it is achieved for flow coals in the
plastic state that the piston acts as a penetrometer. There are also such types as

Shevenar dilatometer and Hoffman dilatometer [36].
Summary

There is a number of different methods that can determine physical and
mechanical characteristics of minerals and soils. Variable methods are suitable for
different types characteristics and depending on the type of mineral and searching
properties, it is better to use this or other method. A complex studying of mechanical
soil characteristics should include not only in-situ tests but also laboratory

investigations for the most accurate and appropriate meanings.

Plate bearing test and pressuremeter tests give the most reliable meanings of
deformation characteristics in comparison to Cone and Standard penetration tests, as it
is used elasticity and plasticity theories and for the next tests correlation dependencies
are used. Also, geophysics methods are highly used for determination of coal properties

as well as other minerals.
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A correct assessment of the soil mechanical properties allows using correctly the
bearing capacity of soils and accurately determine their deformations, which is the key

to safe and economical solutions in foundation engineering.
1.4 Laboratory based methods

During borehole drilling some samples of the rocks are taken for laboratory
investigations. In laboratory there are different tests of soils for determination their
characteristics under static load or dynamic effects. During these tests, soil is loaded
and unloaded, shifted as well as deformed in different ways. Laboratories studies and
tests are accurate enough. In comparison to field methods, the laboratory tests reduce
labor and explicit costs, that allows increasing the number of experiments and their
accuracy by statistic processing of special values of the indicator. Both in-situ and
laboratory methods have some advantages and disadvantages. As the result, the best
option is to use both of these methods for obtaining the most precise values of

characteristics.

Soils show linearly elastic behavior to relatively small loads. However, during
unloading of samples, residual deformation occurs in soils. In that reason, it is believed

that during loading to the limit of proportionality, Hooke’s linear relations are valid:
=2 g=t
E—g, G »

where vy is tangential deformation and 7 is internal shear and each equal increment of

uniaxial stress ¢ corresponds to a proportional increase in the strain «.

However, deformations in soils nonlinearly depend on stresses during high
loadings. There are such research methods for determining mechanical properties of

soils in laboratories as:

e compression tests;
e soil strength tests (uniaxial compression, tension tests, simple shear,
triaxial shear);

e determination of angle of friction.
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1.4.1 Compression tests

Soil tests under compression are the most widespread due to their simplicity and
reliability for samples testing both undisturbed and disturbed structure. There are
different types of loading during this test: incremental or kinematic loading and
relaxation of stresses. Compression is a process of sample compaction without its
destruction (without lateral expansion). It is obtained such deformation characteristics
as compressibility modulus, modulus of deformation, compression structural strength,
consolidation coefficient (for sands, clays and organic soils). These moduli are
obtained after tests of soil samples in compression devices (odometers) or
compression-filtration devices. The test results are usually executed as graphs of the
dependences of the sample deformation under the load and sample changing over time.
For testing, it is used undisturbed samples with natural moisture or water-saturated, or
disturbed samples with given moisture and density values [39]. Since soil compaction
occurs due to changes in porosity, the results of compression tests are presented as

dependency graph of the porosity coefficient and compressive stress.

It is also possible to obtain coefficient of lateral strain by compression tests. This
coefficient is very useful for determining active and passive pressures during design of

any enclosing constructions in the soil [37].
1.4.2 Soil strength tests

Uniaxial compression test is used for determination of deformation modulus of
hard rock and semi rocky-soil. This test can be performed both on samples of circular
and square cross-section. But the height of the sample should be 2.5 - 3 times higher

than the diameter or side of the sample.

During preparation to the test, special attention should be paid to the quality of
grinding of the working surface and their parallelism, and during the test, the accuracy
of measuring of the deformation characteristics by measuring instruments and the

correct alignment of the sample.

The tensile strength during uniaxial compression is defined for soils with natural

moisture, air-dried basis and water-saturated basis.
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In a compressive rock sample, it usually occurs heterogeneous stress state due to
the friction on the plane between sample and press plates, that limits the lateral
deformation of the sample near these planes. At the certain load value, the compressive
sample is destroyed because of crossed tension as well as shear stresses, that appear on

the inclined planes.

The average breaking load of sample is determined by value of the critical load,
that was obtained during the test. After that, the ultimate compressive strength defines

as ratio of average breaking load to the average cross-section [37,4].

It is quite difficult to conduct direct uniaxial tension test. So it is performed
such indirect methods of tension test as beam bending, splitting of core samples, point

load test, the Brazilian test, bending cylindrical rock beams.

For the same soil, the tensile strength is always less than compressive strength,
since breaking of structural bonds can occur during tension and it is developed large
irreversible deformations, and during compression, structural bonds can be only

deformed and not destroyed [37,4].

The most effective way to determine uniaxial tension is the Brazilian test.
During this test, a rock sample is loading by a compressive load that is uniformly
distributed along element of cylinder or longitudinal rib of rectangular parallelepiped.
Respectively the rock sample can be in form of cylinder or parallelepiped. During

transverse compression it is recommended to use a cylinder rock sample [37,12].

During direct uniaxial tension test, it is measured a breaking force during
longitudinal tension of cylindrical or prismatic soil samples through steel casing of the

loading device.

During splitting of core samples, the sample is placed between wedges,
combining the wedge blades with the line applied to the mesh sample. Sample is loaded
uniformly under the press until it breaks into blocks, and then into cubes, that have
such forms: 2 parallel polished surfaces and 4 surfaces created during splitting. It is
recording destructive force and the average length of splitting during each cracking of

the sample.
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During the simple shear strength tests, it is measured a force that is necessary
for shearing a sample at a constant normal load. If the normal load will increase,

ultimate shearing strength will also increase.

As it has been already mentioned earlier, ultimate shearing strength is defined
by adhesion and angle of internal friction, shear strength of the dense rock in a certain

range of stress is defined by linear function of Coulomb:
=0, tgd + c,

where 1 - ultimate shear strength, Pa, 6, - normal stress, Pa, tgd - internal friction

coefficient, ¢ - adhesion, Pa, ¢ - angle of shear resistance, °.

If rocks are cohesive, the angle of internal friction is obtained from the slope of
shear curve or from the envelope of the Mohr circle of stresses in the rectilinear

coordinate system. The stresses can be obtained from the tests of triaxial compression.

Ultimate bending strength - is a critical value of loading, when sample is
destroyed under bending load. The sample is in the form of beam with rectangular

cross-section is supported on 2 supports and load is applied in the center [37,4].
1.4.3 Determination of angle of friction

Strength soil characteristics are very important parameters for the calculation of
bearing capacity, soil stability as well as soil pressure and others. In-plane shear test
is conducted for determination of angle of internal friction and specific adhesion for
sands, clays and organic-mineral soils. They are determined by tests of soil samples in
the in-plane shear devices with a fixed shear plane by shifting one part of the sample
relative to the another part by a horizontal load with a preloaded of the sample with a

normal to the shear plane load.

Soil shear strength is defined as the limiting average shearing stress at which the

soil sample is cut along a fixed plane at a given normal stress.

To determine the particular values, it is necessary to conduct at least three tests

of identical samples at different values of the normal stress.

There are 2 main types of such test:
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1. During effective shear test, the normal pressure is maintained until the
deformation stabilizing and then the soil is sheared at the same pressure.
2. During neutral shear test, density and humidity of the soil do not change, in

other words there is no soil consolidation.

The first test is also called consolidated-drained shear test (ASTM D2850 [49])
and it is used for sand, clay and organic-mineral soils independently of their water-
saturation coefficient for determination of effective adhesion and angle of shear
resistance. The second one is called unconsolidated quick shear test (ASTM D4767
[50]) and it is used for water-saturated clays and water-saturated soils with flow index
more than 0.5 and collapsible soil in water-saturated state for determination of adhesion

and angle of shear resistance in the nonstable state.

During triaxial compression of the soil, it is used special device that is called
stabilometer (or triaxial compression machine). With this test, it can be determined the
behavior of the soil in natural conditions and it is possible to obtain accurate
mechanical properties such as strength and soil deformation. It can be obtained such
characteristics as adhesion, angle of internal friction, undrained shear strength,
coefficient of filtration consolidation. It is also can be obtained deformation modulus
for water-saturated soils, clays and organic-mineral soils in natural conditions and

Poisson’s ratio for any dispersive soil.

For the determination of the most accurate values and determination of particular
values, it is carried out at least 3 tests on identical samples with different values of the

comprehensive pressure.

During the test, soil sample is put into cylinder shell and placed to the chamber
of stabilometer. The lower part of the sample is situated on a porous support. The
pressure is transmitted from top to bottom. For providing the pressure to the sample
from all sides, the space between sample and chamber is under comprehensive
compression by air pressure or liquid (water). By means of this comprehensive
compression, it is obtained all necessary characteristics. The device is also able to
measure a pore pressure in the upper and lower parts of the sample, volumetric strain

of the sample, filtering fluid from sample [37].
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Detailed description of the triaxial compression tests and stabilometers can be
found in writings of A.W. Bishop and D.J. Henkel (1962) [51] and list of advantages
and disadvantages of in-plane shear and triaxial compression tests in work of Brenner

et al., 1997 [52].
1.4.4 Investigation of deformation characteristics of coal

Such mechanical characteristics as deformation modulus, Poisson’s ratio,
ultimate tensile and compression strength are also determined for coal by these
standard methods. Also, for coal there are such important characteristics as mechanical
strength, brittleness, crushability and others. Grain size distribution, sludge formation

and abrasive effect on working surface have a connection with all these characteristics.

The mechanical coal strength is evaluated by crushability, brittleness, hardness,

temporary compressive strength and thermal stability.

Crushability of coal is determined by Hardgrove grindability index. According
to the ASTM D 409-2016 [48], during this test, air-dry samples of coal with a certain
size of particles are ground in the Hardgrove graduated device and after that it is carried
out sieve analysis of the obtained material [38]. Grindability index provides guidance
on such coal properties as hardness, strength, elasticity, jointing, and depends on the

metamorphism stage and the petrological composition of coal.

Coal hardness shows the ability of coal to resist penetration of another more solid
object. Coal hardness is usually determined by Rockwell hardness tester, Brinell and
Vickers hardness testers. These devices measure coal resistance to crushing under static

loads.

Rockwell strength is related to other strength characteristics of substances. This
connection was investigated by such scientists as N.N. Davidenkov, M.P. Markovets
and others. For example, by the results of an indentation hardness test, the yield

strength of a substance can be determined.

The elastic properties of coals are characterized by a temporary modulus of

elasticity (Young's modulus), which can be determined by the static method (resistance
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to compression or bending), as well as the dynamic method by applying mechanical

vibrations [39].
Summary

Laboratory investigations are performed to determine the physical and
mechanical properties of soils. All the tests are carried out on the undisturbed soil
samples with natural moisture state or specially prepared samples with specified
density and humidity. It can be concluded by a number of investigations, that moisture
content in the rocks have an influence on their compressive and tensile strengths, as
well as on the destruction process of rocks under the influence of the load. The shape
and dimension of laboratory samples are determined depending on the test method as

well as on the soil properties.

1.5 Numerical simulation methods

From the above mentioned, it can be concluded that we estimate rock properties
and parameters for individual rock layers according to the results of samples in
laboratory conditions, performed according to standard methods as well as based on

In-situ researches.

However, the samples that were taken in a certain section of the rock massif have
a limited size and cannot display the complexity of the texture and structure of the rock
massif. In view of this, for solving such problems of rock mechanics as assessment of
stress-strain behavior of the rock massif in the vicinity of mine working and pressure
determination on the roadway support, it is required a valid transition from sample

properties to the mechanical properties of rock massif.

There are 3 main methods for researching processes in the rock massif as a result
of mining such as mathematic simulation, physical simulation (studying of
geomechanical processes in laboratories) and field measurements. Mathematic

simulation may be carried out based on analytical and numerical methods [4].

Analytical methods are the most favorable for solving the problem of stress
distribution around single workings located in homogeneous isotropic rock massif with

circular cross-sectional shape. Also, it is simulated the plastic range of stress around
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working (based on the elastic-plastic deformation model), formation of support
pressure load, rock heaving of the seam floor. Such solutions can be obtained in the
form of finite dependences of the sought quantities on the initial data [4]. The main
advantage of such method is a basis for understanding of geomechanical processes
caused by mine formation. The main disadvantage of this method due to which some
important specifications of rock massif are lost is idealization of rocks to homogeneous
isotropic or anisotropic massif with the simplest geometry of the underground structure

[Kononenko, Khomenko 41].

But it is impossible to use analytical methods in the case of a more complex
cross-sectional shape of the investigated workings in the presence of an adjacent
mined-out space and structural heterogeneities of the rock mass. The solution may be
obtained by numerical methods, which allow determining the stress state at certain

points of massif using a number of assumptions.

Simulation methods are widely used in various fields, being one of the main
components of complex research. Applied to the mechanics of underground structures,
these methods allow finding out the main qualitative elements of the mechanism of
displacement, deformation and destruction processes of rocks during coal-face work
and primary mining. Simulation is a necessary stage during development of new

theories as well as during checking solutions obtained by analytical methods.

Rock massif is a very complex structure where during conducting of mining
operations, various types of deformation processes such as elastic deformations,
elastoplastic displacements and rock failure with fracturing occur simultaneously. In
that reason theoretical calculations of rock mass deformations, strength and stability of
workings and another underground structures can be hard-solving task. In-situ methods
are cost-demanding, time-consuming and have considerable labor intensity. In addition
to this, during in-situ tests, the possibilities for varying the system parameters,
technology, and sequence of mining operations are usually very limited, while during
simulation it is possible to observe the influence of the main parameters in the large-

scale ranges.
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As a result, simulation method has a number of advantages that are absent in
comparison to other methods. However, it is impossible to simulate all the details of
simulated objects. So there is a certain simplification of processes and schematization
of full-scale bodies. This allows making result’s interpretations of in-situ experiments
easier, making it possible to control and specify the mechanism of processes with a

greater generalization and to study the influence of various factors on these processes.

The biggest benefit of such methods is the possibility to investigate the
mechanical properties of a faulted rock massif, as it allows simulating rock jointing
and take into account the contacting between rock blocks. In particular, software
products based on the usage of the FEM are used quite efficiently, allowing to obtain

solutions to many important geotechnical problems.

The stability of workings has a huge impact on the mining enterprises. Due to
the continuous development of geomechanical models of the rock massif interaction
with the support of the mine, it becomes possible to research the stress-strain state of
the rock massif and more fully take into account the physical-mechanical properties of

rocks and the constructive distinctions of the elements of the support system.

It was conducted by a number of scientists (Fomychov, Pochepov and Lapko)
numerical simulations of scaly massif of Western Donbass and specifying methods of
prediction techniques of rock pressure manifestation in the system of “laminated
massif-roadway support” considering anisotropy, heterotrophy as well as mechanical,
elastic and rheological characteristics of the system [42]. Also, it was applied
numerical-based method of finite element (M. Toderas, R. Moraru, C. Danciu) [43] for
the analysis of mine workings stability in strongly metamorphosed rock and
specification of mine pressure with considering of inhomogeneous stresses effects and

directional properties of rocks.

During numerical modelling of zonal structuring of massif [Kononenko,
Khomenko, 41] around underground working, it was determined that method of finite
element can be widely applicable for researching the zone structuring parameters of

the massif.
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In addition to this, it was determined [A. Olovyannyy, V. Chantsev, 2018, 44]
that using mathematical simulations it can be observed the process of deformations in
the rock sample. After getting a result obtained by finite element method, the graphs
with stresses and deformations relationship of rocks during deformation or collapsing
from laboratory investigations were compared. The received results confirm that
mathematical simulations and finite element method can be applicable in tasks of mine

pressure.

Rapid improvement of computer technologies gave a huge impulse to the
enhancement of numerical simulation methods that determine and investigate strength
and deformation properties of rock massif and in particular faulted rock massif. It is an
item for a lot of investigations since there is a number of uncertainties that are
associated with moving from rock test results to the physical-mechanical parameters
of the rock massif and complexity of the fractured massif structure as well as
development of numerical methods and their interaction with highly used analytical
methods, for solving the problem of determining the degree of size effect on the value

of the massif mechanical properties [40].

Numerical methods allow calculating stress fields, deformations and movements
that occur in the supporting structures, reinforcing elements and in the inclosing massif.
Based on the obtained information it is possible to predict the rock massif behavior,
behavior of rocks around workings, their stability assessment, select of the most
suitable construction materials for variable structures, to make an argumentation of the

most stable structural schemes, that can allow reducing computational costs [45,46].
Summary

It can be concluded that nowadays numerical methods of simulation are enough
modern, effective and necessary tool for solving a number of tasks regarding
assessment of rock massif stability, mechanical rock characteristics and other
geomechanical problems. In addition to this, there is a number of modern software that

allow making all the calculations and assessment enough quickly and precisely.
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The most widely used and developed method in geomechanical research is the
finite element method. It is used in many modern computer programs. Such a numerical
simulation method allows us to provide a stable computational process and to form an

extensive database of considered parameters of the geomechanical system.

And for the most accurate simulation process, it is possible to simultaneously
fulfill conditions such as spatial modeling of objects, reflection of the real structure of
the rock massif with a separate description of the mechanical properties of each
structural element and the most reliable simulation of all structural features of the

support system and material properties.

1.6 Target selection and formulation of research objectives
In such a way, the target of the study is in a substantiation of the support system’s
parameters, taking into consideration the regularity of changes in the stress-strain state

of the surrounding rocks and support elements to ensure the rock massif stability.

And research objectives of the study are carrying out analysis of simulation
methods to study the mechanical properties of the rock massif, to design and give an
argumentation models of simulation experiment on the basis of chosen simulation
method, make an analysis of the received stress-strain states and to substantiate the

rational parameters of the support system.
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PART 2

THE CHOICE OF THE METHOD OF SLIGHTLY METAMORPHOSED
ROCKS RESEARCHING AND THE CONSTRUCTION OF THE
RESEARCH MODEL

2.1 Key features of the Finite element technique and program selection
for investigation

At first simulation models have been used long time ago for describing
simulation appearances in Math, Mechanics, Physics and other exact sciences. Such
great scientists as Newton, Euler, Gausse, Chebyshev were developing numerical
methods. Newton proposed the efficient numerical method for solving algebraic
equations, and Euler - the numerical method for solving ordinary differential equations.
With the advent of electronic computing machine, the speed of computing operation
has largely increased. This allowed to solve a wide range of mathematical tasks that
before were unsolvable and to use wider numerical simulations during scientific and

theoretical calculations [53,54].

Differential numerical methods are the basis for a lot of modern simulation
experiments, that are applied in such areas as structural mechanics, geomechanics,
elasticity theory and others. Main advantage of simulation method in comparison to
the in-situ method is the opportunity to accumulate the results obtained by studying of

tasks and after that to apply them quickly in completely other fields [54].

The first method among numerical methods that use mesh is method of finite
difference that is based on replacing ordinary and partial derivatives included in the
differential equations and relations describing a particular physical problem, by their
approximate expressions, in which the differentials of the arguments and functions are

replaced by finite increments.

Comparing this method to the finite element method, there is a number of
advantages of FEM such as more stability of the method, ability to work with
geometrically more complex areas, the solution represents a function and values at any
point can be calculated immediately, however it is faster to build a difference scheme

for simple task in FDM.
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In these days there are such the most popular methods of numerical simulations
as discrete elements method (DEM), boundary element method (BEM) and finite
element method (FEM) [4].

The field of DEM application are soils, foundations, rock massifs with a
complex structure, mechanical systems, non-linear dynamic processes for which this
method is the most effective and many others. The point of this method applied to the
simulation of rock massif with complex structure that contain workings is in replacing
of real rock massif on discrete elements, the shape of which should preferably be
similar to the outlines of the elements of the massif structure. Due to the simplicity of
creating a mathematical model of a discrete medium, the model elements are

represented in the form of balls, which have different diameters in general case.

In the result of simulations based on DEM method, it is obtained a stress-strain
state of the rock massif with determination of main stresses, displacements and

deformations, caused by a cavity formation of a given size in a continuous medium.

In comparison to BEM and FEM that can be applied for simulation of a
continuous medium, the distinctive feature of DEM has an ability to describe non-
linear dynamic processes that occur in a deforming rock massif that contains cavities
and sections of destroyed rocks. However, for processing of large data files, it is

necessary to have powerful computers and a large amount of operating storage [4,55].

Regarding boundary element method, unknown functions of the integral
equations are real variables that have physical meaning. For example, in tasks of the
theory of elasticity, such a solution of the integral equation should immediately give
all the forces and displacements at the boundary, but inside the body they should be
obtained from the boundary values by numerical integration. This method is based on
the fact, that it is easy enough to obtain an analytical solution corresponding to the
point disturbance in the continuous homogeneous medium. This disturbance, for

example, can be represented like concentrated force in an elastic body.

The BEM method is more cost-effective than FEM. The system of equations has

a degree of order much smaller, since it is formed only for a certain number of elements
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defined on the boundaries of workings. However, the BEM has fewer possibilities for
simulations of various medium heterogeneities and nonlinearity of physical relations

[56,4].

The main idea of the FEM is that any continuous quantity (for example
pressure or temperature) can be approximated by a discrete model, which is built on a
set of sectionally continuous functions defined on a finite number of subdomains. This
method is based on division of the area on elements of simple geometric form. It is also
efficient to use rectangular and triangular elements for calculations. Finite elements
interact with each other in nodes through nodal forces and nodal displacements. In
nodes the conditions of equilibrium and displacement continuities are completely
satisfied. The basic concept is in fixing of internal points displacements of each element
with nodes displacements. This relationship is expressed by shape function. This shape
should satistfy boundary conditions on the element outline and continuity condition of

deformations [4, 57].

This method has a great potential for mathematical simulations of various
heterogeneities. For each element, elastic properties can be set and stratification can be
easily simulated. It can be simulated area of decayed rock by setting corresponding
elastic modulus values or consider the presence of more rigid elements. Many solutions
to various geomechanical tasks have been obtained on the basis of FEM, not only in
the elastic approach and not only for plane region. Three-dimensional area also can be
divided into subareas and three-dimensional area. But in that case the relationship
between the movements of the element’s internal point and the movements of nodes
will have a more complex shape and stiffness matrix of the system will have higher

dimension [57, 4].

Software systems based on the FEM are divided into 2 main groups. The first
one are finite element analysis programs introduced to the menu in computer-aided
design (CAD) programs and they have all necessary tools for quick calculations of
elements or assembly components in the environment of their development. The

second group are programs focused on the preparation of full-scale finite-element
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model of the researching object with maximum possibilities of simulation, taking into

account all features and realization of different types of calculations [58].

Nowadays there is a number of modern computer programs based on the FEM
that cover almost all areas of engineering calculations, analysis and simulation of
processes. For example, strength, vibrations, stability, dynamics, acoustics,
hydrodynamics, aerodynamics, etc. There are such famous programs as ANSYS,

AutoCAD, NX Nastran, Abaqus, FLAC3D and SolidWorks.

One of the best FAE-programs is ANSYS. The biggest advantage of the system
is the most complete documentation and guiding system, which allows to use this
program without customer support having good basic knowledge, for example in
mechanics. There are also more than 100 finite elements in the program. It is a universal
software system of FEM analysis, that is popular enough for automated calculations,
for example computer-aided design (CAD) or computer-aided engineering (CAE) for
solving both linear and nonlinear, stationary and non-stationary spatial tasks of
mechanics. Program developers constantly improve it and make it easier to use, to

customize and managing all the complexities [59].

The next widespread program based on FEM and originally developed by NASA
i1s Nastran. Now the main NX calculation modules such as NX Nastran, NX Thermal
and NX Flow are produced by Siemens PLM Software. In 2016 the company presented
Simcenter product portfolio. It is powerful high-performance set of systems that
combines a solution for simulation and in-situ testing with intelligent reporting and
data analysis tools. This allows developing models that predict with high accuracy the
characteristics of the future product at all stages of production preparation. The NX
Nastran provides a number of engineering calculations including stress-stain state
determination, proper frequencies and vibration mode, dynamic linear and nonlinear

tasks of engineering analysis [60].

There is also Abaqus FEA. It is a set of programs for finite element analysis and
CAD. Abaqus has 5 major software products such as Abaqus CAE, Standard, Explicit,
CFD, Electromagnetic. Abaqus was originally developed for solving nonlinear

physical behavior and realization of complex models taking into account all the forms
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of nonlinearities, and also to conduct multitasks static and dynamic analysis. This
program is popular among both research and academic institutes. It is possible to apply
the Abaqus on all steps of designing the product all the calculated, design and
technological services of the company. This program is also reliable enough, with
special control over the error of the results of computed tasks, auto-selection of
integration gaps, as well as many other functions. In contradistinction to ANSY'S that
does not have a model of poroelasticity in standard tools, Abaqus allows solving tasks

of mechanics of porous media directly [61].

There is such widespread program as AutoCAD developed by Autodesk
company. It is two- and three-dimensional computer-aided design and drafting system
that 1s highly applicable in mechanical engineering, construction, architecture and other
industries. AutoCAD is certified to work in both Windows and OS X operation
systems. The program also has an effective data exchange and documentation
preparation tools allow carrying out all stages of the project - from concept
development to the final stage. There are convenient interface and realistic
visualization that create visually-filled images. The main disadvantage of the program
is the difficulty of linking information from the database to graphic objects.
Nevertheless, it should be noted that the absence of three-dimensional parameterization
does not allow AutoCAD to compete with such program as Autodesk Inventor, that
is three-dimensional system of solid-state and surface parametric design. The program

tools also provide full range of design documentation creation.

One more program for simulation is FLAC3D. It is numerical modelling
program for investigation of rocks, constructions and supports. This software also
analyses integrated behavior of the model, shows strains and deformations. This
program designed to the solution of geotechnical tasks and is highly used in civil
engineering and mining. It also deals with the simulation of faults, joints, intact rock

and planes of stratification, making it especially effective for usage in simulations [66].

SolidWorks is a program that based on the technology of three-dimensional
parametric simulation, it is a simulation with usage of the model elements parameters,

changing which, it is possible to view various structural schemes. There is a standard
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Windows graphical interface and interaction with Windows applications. There are
also more convenient computational and analytical modules, for example, a stress
analysis module. SolidWorks was the first CAD system to support solid-body
simulations for the Windows platform. In SolidWorks, a single sketch can be used for
multiple operations. It can be selected both the outline of the sketch and the edges of
the models and apply forming operations to them [62].

The design system SolidWorks covers the entire product development and helps
to solve complex problems in the design and simulation. In this investigation, it was
chosen to use the SolidWorks program due to its proper interface, accuracy of results

and the possibility of a solid body simulation.

In this work, it is chosen program SolidWorks. This program has a number of
opportunities and useful tools for usage in the mining industry. Among them, there

such possibilities as consideration of:

the entire thickness of the rock massif;

- geometric nonlinearity;

- static load;

- stratification of the rock massif;

- isotropy of the deformation and strength properties of rocks;

- the user choses the size of the mesh by himself (fine or coarse) and it is possible
to set the different mesh for each component of the simulation model;

- setting the physical parameters of the working support elements;

- spatial arrangement of processes that occur in the rock massif;

- the ability to simulate quickly a large number of alternative design options, for
instance support systems;

- based on the initial conditions, stresses in the structure, deformations, shears and

strength characteristics are calculated.

All these program’s features make the choice for its usage more suitable

and convenient.
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2.2 Argumentation of the simulation method selection

There is a wide variety of studies of the mechanical characteristics of rock
massif. The main groups for the study of properties, as it was mentioned earlier, are

field, laboratory and numerical methods.

However, the numerical methods have a number of advantages. By the
simulation of the rock massif and mining-and-geological conditions in the vicinity of
the working with the help of substitutions, it is also possible to research the deformation
process in the massif and mutual influence of all the parts and elements of the

simulation model of the investigated geomechanical system.

The numerical simulation allows to take into consideration a lot of parameters.
For instance, different structures of rock seams which have various geometric sizes and
mechanical characteristics. All rock layers can have different degree of fracturing,

water saturation and rheology.

All the structural models consist of 3 main groups of characteristics, that should
be taken into consideration during simulation. The first group is geometric features
(flat or spacing solution, multiply connected regions or simply connected regions). The
second group is external loads and mechanical properties of the rock massif (isotropic
or anisotropic substance, elastic or inelastic deformation, with or without consideration
to the rocks weakening). And the third group is constructional and technological
aspects of the working development, design and operation, extraction of minerals,

design of workings [67]

It is quite necessary to design the simulation model which will be capable to
represent the most adequate and real configuration of the rock massif, the working
construction and the working support. Due to the numerical simulation, in particular
the finite element method, it can be taken into account the huge variety of parameters

and characteristics [68,69].

In this investigation, the research of the slightly metamorphosed rock massif is

based on the following structure:

1. Development of the simulation model.
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2. The simulation model design with different mechanical characteristics for each
element.

3. Sequential experimentation of the simulation models.

4. Background of the obtained diagrams of stress-strain state of the simulation model
elements.

5. Signification of the important elements of the simulation results.

6. Analysis of the obtained stress-strain state of the rock massif and elements of the

working’s support.

During simulations, it was applied spatial (three-dimensional) model. Such
model has a number of advantages in comparison to planar model. There are such
advantages as consideration of heterogeneity of the rock massif in 2 vertical normal
planes, fairly presents contact relations between the rock massif and mine working
support, allows representing all the possible physical characteristics of the real rock
layers. In such a way, the spatial model minimizes the possibility of mistakes during

simulation.

The construction of the simulation model starts from the rock massif
construction around the working. All the rock seams are designed in the three-
dimensional model; in that reason it is quite important to apply spatial model of the

simulation.

Also, one of the disadvantages is investigation not only border zone of the rocks,
but also entire stress field around the working and analyzing of the stress state of the

roof, bottom and walls of mine.

2.3 Selection of the initial and boundary conditions in relation to the

mining and geological conditions

In this investigation it was chosen geological settings of “Dniprovska” mine
that is located in the Western Donbass of Ukraine. According to the large-scale studies,
coal deposits of the Donbass are mainly represented by terrigenous rocks. These
sedimentary rocks consist mainly of rock fragments and minerals of silicate
composition that arising from the transfer and accumulation of land denudation

products. There are such widespread rocks as sandstone, siltstone, and mudstone in the
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Donbass. Coal seams and limestone layers are enclosed in the form of rock layers
among them.

Support of workings in the Western Donbass is carried out by a combination of
different types of support systems and the parameters of the elements vary depending
on the manifestations of rock pressure. The experience of stope’s support in the mines
of the Western Donbass confirms the feasibility of using “frame support-rock bolt”
system.

In addition to this, such support system of rock prevents the specific
phenomenon to the region of Western Donbass, during which it is occurred the
stamping of easily deformable rocks of the mine walls and bottom due to the increased
stiffness of the coal seams. Also, in view of the extensive stratification zones of the
soft rocks of the mine roof, the feasibility of the massif support with rope rock bolts is
explained.

The longwall Ne 543 of seams Cs and Cs" was prepared on the eastern wing of
mine-take of the inclined drift. The length of the longwall is 182 meters. Extraction
pillar of the working area was prepared by main roadway Ne 543 and extraction pillar
Ne 543, that were constructed in 2017 - 2018 years. The depth of mining is in the range
of 120-210 meters.

Boundary entry Ne 543 in over the range of extraction pillar is conducted on coal
with coal-cutting of rock walls by frame-anchorage lining. The working is fixed with
a metal arch three-link marquee pliable uniform support (MPUS-11.7). According to
the mine specifications, the setting increment of the support is 0.8 — 1.0 meter. Anchor
bolts with a length of 2400 mm were installed in the spaces between the frames of the
arch support. It was taken 4 anchors bolts in a row with stepping increment of 0.8 meter
of installing roof supports and 6 anchors bolts in a row with step increment of 1.0 meter
of installing roof supports. During mining of the working area of the 543 longwall face,
it is needed to maintain the boundary entry during the entire period of its mining for
providing a direct-flow ventilation scheme. Boundary entry Ne 543 is designed to
deliver materials and equipment to the longwall. Mining sequence is long-pillar.
Extracting coal seam thickness is 1.05 meters. Coal seam angle along the longwall is

1° - 2°, in the direction of mining 2°-6°.
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For mining simulations, it was necessary to establish sizes of the simulation
model and determine its height and width. According to the number of scientific
researches, it was revealed that perturbations of the stress-strain state of the rock massif
extend to a depth (height) of 15-20 meters and outside the zone of influence of coal-
face works, the stability of the in-seam working is determined by the state of the
adjacent rocks of seam roof and bottom. According to these researches and previously
conducted experiments, for construction of the model in the appropriate ranges and
obtaining the reliable assessment, it is accepted the model of rock massif with height
and depth of 20 meters each, the width is also 20 meters, the thickness of the model is
5 meters. Taking into account these quantities, it was taken 11 rock layers upper the
coal seam and 7 layers below. There are such types of rock that form these seams as
sandstone, siltstone, mudstone and coal.

Depending on the various characteristics such as bedding conditions of the rock,
type of mine rock, grain texture, rock structure, there are different mechanical
characteristics of rocks that were used during simulation. In the Table 4 there are all
mechanical characteristics of the rock massif, that were used in the study.

There are such characteristics as thickness of the layers, compression and tensile
stresses, elastic modulus, Poisson’s ratio, shear modulus, rock mass density.

According to the characteristics of the rock massif, it can be seen that thickness
of the layers is in the range of 0.2 to 7 meters. Compressive stress is in the range of 18
MPa to 27 MPa in the unrestrained (natural) condition without water saturation, the
tensile stress is in the range of 1.8 MPa to 5 MPa, the Poisson’s ratio is from 0.21 to
0.26 and the rock density is from 1240 kg/m? to 2600 kg/m?>.

Rock seams around the working are consist mainly of mudstone and siltstone,
which are soft rocks, prone to slaking and have expressed rheological properties. With
the presence of sandstone, that is a stronger rock, higher strength and deformation
characteristics are appeared. Also, with moving away from the coal seam, the

mechanical characteristics of mudstone increase.
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Number | Type of | Layer Gcompr | Oten v E G P
of layer | rock thickness | (MPa) | (MPa) (MPa) | (MPa) | (kg/m?)
(m)
1 Mudstone 0.8 23.6 2.3 1021 | 5000 | 6000 | 2370
2 Sandstone 1.45 26.5 5 0.26 | 12000 | 9500 | 2600
3 Mudstone 2 20 3 0.21 | 7000 | 6000 | 2370
4 Siltstone 1.7 18 1.8 |0.25| 6000 | 6000 | 2510
5 Coal 0.36 27 2.7 10.25(3.6000 | 1500 | 1240
6 Siltstone 0.6 20.2 2.2 |0.25| 4000 | 6000 | 2510
7 Sandstone 3.2 26.5 4 10.26 | 10000 | 9500 | 2600
8 Mudstone 1.7 24 24 1021 7000 | 6000 | 2370
9 Siltstone 3.4 20 2.0 |0.25| 7000 | 6000 | 2510
10 Mudstone 2.9 235 2.5 1021 | 8000 | 6000 | 2370
11 Mudstone 2.5 22.6 3 0.21 | 8000 | 6000 | 2370
12 Coal 1.05 27 2.5 10.25| 37000 | 1500 | 1240
13 Mudstone 2.25 24.5 3 0.21 | 8000 | 6000 | 2370
14 Siltstone 2.55 19 2 0.25 | 5000 | 6000 | 2510
15 Coal 0.27 27 2.5 10.25| 37000 | 1500 | 1240
16 Siltstone 3.4 20.2 2.5 10.25| 4000 | 6000 | 2510
17 Mudstone 7.0 24 24 10.25| 9000 | 6000 | 2370
18 Coal 0.2 27 2.5 10.25| 36000 | 1500 | 1240
19 Siltstone 5.8 20.2 2.2 10.25| 6000 | 6000 | 2370

Table 4. Mechanical characteristics of the rock massif
In addition to this, such weakening factors as water-bearing and rheology also
act less intensely. However, it should be taken into account that the rocks of the
Western Donbass consist mainly from the slightly metamorphosed rocks. In addition
to this, the connection of lithological variety of coal formation is weak due to the
mining operations that perturb the initial field of the stress-strain state of the rock
massif, which leads to the deformation of rock seams in both vertical and horizontal

directions and intensifies the manifestations of rock pressure [40, 63, 64].
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The seams of the working have an angle of dip 1°, the depth of the working is
200 meters.

The following simulation algorithm was chosen. At the first stage, it was
performed the calculation of the stress-strain state of the base model working without
support and anchors bolts. At the second stage, the stress-strain state of the rock massif
with the support is calculated. In the third stage, simulation was performed both with
6 rock bolts and frame support. All tasks are considered in an elastic approach.

It is determined the components of the stress field (both horizontal and vertical
stresses) and value of stresses intensity. The investigated geomechanical system is
divided for basic components such as rock massif, frame support and rock bolts. Each
of these elements is analyzed by three components: horizontal stress, vertical stress and
intensity. The requirement of such analysis is in the mechanical, physical and
geometric differences of all the elements of the system. Each component of a stress has
an information about condition features of various elements, for instance rocks of
bottom and roof of the working, walls of the working, roof timber and legs of the
support, rock bolts in the roof and walls of the massif. Each component of stresses
gives the basis for a reliable estimation of the rock massif.

The difficulty of simulation the working support and rock bolts are in reflecting
the real design features of these elements and taking into account the fact that the linear
dimensions of the both working support and rock bolts are much smaller than the
average sizes of the elements of the rock massif. During the simulation, it is necessary
to design finer mesh, that increases the time for simulation.

2.4 Sequence of the model development

The design of the simulation model should be started from the researching of the
geological conditions of the mine and rock massif structure. As it was described in the
Table 4, there are all the necessary parameters of the rock massif. For the beginning, it
is constructed rock seams with setting the geometric parameters and mechanical
characteristics of each layer. The rock massif in this investigation for the simulation

model is formed from 19 layers.
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It was such a sequence of operations as: new — create - part (a 3D representation
of a single design component) - sketch, and creation of each layer with setting the

height, width, length and angle of inclination. The width of the model is 5 meters, so

each seam was elongated for 5000 mm (Figure 2).

Figure 2. Coal seam in the “SolidWorks” with its dimensions
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Figure 3. Setting of the material properties for coal seam
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After the seam development, by the instrumentality of smart dimension
function, the sketch was determined. After that in the “material specifying”, all the
mechanical characteristics of each seam were determined. Each seam has own
parameters, but some of them were taken the same for the same seams, for example

mass density or shear modulus for each type of rocks (Figure 3).
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Figure 4. The assembly of rock massif with connected seams between each

other

After the creation of all seams, it is needed to create a new file — assembly, where
it is inserted all 19 rock seams that we mate with each other by “coincident” function
(Figure 4). After the combination of all seams and creation of the rock massif, it is
created a cutting of the working in the massif, that was done by means of the frame

support with the backfilling.

For the creation of the frame support and cutting out in the working, it was

simulated a frame support according to the dimensions, stated in the specification from



47

the Dniprovska mine. The taken width of the frame is 3500 mm and the height 3360
mm. Substitutable special section (SSC) of the frame support— 22. (Figure 5).

Figure 5. The frame support

Figure 6. Backfilling

For maximum approximation to real mine conditions, a construction of the

backfilling space between the frame support and the rock massif was constructed. It is
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applied for the increasing of stability of the rock massif and more homogeneous
distribution of stresses. The length of the backfilling corresponds to the length of the

model and is equal to 5 meters (Figure 6).
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Figure 7. Backfilling in assembly with the support

For the creation of the cutting out in the rock massif and conduction 2
simulations (with the working support and rock bolts), it was created the new assembly,
where the frame support was mated to the backfilling. After that, according to the

outline of the sketches, it was made the cutting out (Figure 7).
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Figure 8. Rock bolt
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For the simulation of the rock massif with the frame support and rock bolts, there
were designed models of 6 rock bolts. Among them 2 central rock bolts are rope bolts,

and 4 in the lateral sides of the roof are resin-grouted rock bolts, 2 on each side (Figure

8).

After both assemblies are prepared (the rock massif assembly and the assembly
of backfilling with the support) and all the characteristics of seams are set and all the
seams are interconnected, it was chosen function “SOLIDWORKS Add-Ins” and
SOLIDWORKS Simulation. For the simulation process it is created a new research

“static 1”. (Figure 9)

For the beginning, it was created a new research “static 17, where the mesh for
the rock massif was built. After that in the insert “fixtures”, it was made a fixed
geometry for the rock massif and lastly it was set in the “external loads” the pressure

of 5 MPa (Figures 9, 10).

@ Static 1 (-Mo YMONYaHUH-)
» & Parts
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» & Component Contacts
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* Fixed-1
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Figure 9. Components of the Static 1.
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During the second and third simulations, where there are rock bolts and frame
support, more fine mesh was created separately for these elements around the working,
and for adjacent rocks around the working for more detailed and precise simulation

results, including coal seam.

Also, it was set the mechanical characteristics of the frame support and rock bolts
according to the chosen substitutable special section and grade of steel (steel 5). And,
it should be taken into consideration, that were set different characteristics for each
type of rock bolts and frame support. For the roof timber and legs characteristics are

the same, but for frame locks they differ.

Figure 10. The mesh

After that, the bottom “run this study” is pressed and the simulation process is

started.
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2.5 Strain-stress state analysis

The first simulation model of the working is a driven working in the rock massif.

It was applied a load of 5 MPa, calculated according to the formula:
Oy= ’}/*Ha

where 7 is a bulk density of rocks (in average 2500 kg/m?), H — is a depth of working
(200 m) deduct the upper part of rock massif, that that is researched (20 m).

Strain-stress state analysis of the rock massif upon the action of horizontal and
vertical stresses depends on the Poisson’s ratio of each rock seam, that were installed
in the program SolidWorks during the setting of the number of parameters and

mechanical characteristics of the seams.

One of the most important characteristics that determine the stresses distribution in
the rock massif is the lateral pressure coefficient. During the changing of the load, the
coefficient values also change. With the increasing of the load, the coefficient also
increases and only in a certain load interval remains constant. We can count the lateral

pressure coefficient using Dinnik’s formula for elastic rock model:

where v is a Poisson’s ratio of the needed seam.

The vertical component (vertical intensity cy) at a given depth is determined by
the weighted average density of overlying rock seams, and the horizontal component
(horizontal intensity o) is proportional to the geostatic pressure and is found by the

formula [65]:
Ox = Aey ¥y *H
2.5.1 Strain-stress state analysis of the working in terms of vertical stresses

Stress-strain analysis of the working considering the vertical intensities 6y shows
that in the bottom of the working the area of lower compression stresses changes over
tension stresses closer to the outline of the working bottom. And this area is much

bigger than in the roof of the working. Such stress distribution is characteristic for the
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conditions of the Western Donbass, since the manifestations of rock heaving are
usually more intense than the roof subsidence. It is obtained tension stresses signed “+”
and compression stresses signed as “-”. Tension stresses create weakening area in the
mine bottom because the rocks weakly resist tensile forces, taking into account
softening factors such as the moisture content, fracturing, and rheology. For the vertical
stresses, it was set such range of -9 MPa for compression stresses to +2 MPa for tension

stresses.

In every simulation model, it is chosen the most suitable range of values that

modifies and selects for the most appropriate reflection of the stress state.

In the bottom of the mine, the stresses act in the area with width around 3 meters
and 2 meter in depth. The stresses act from -1 MPa of compression stresses which go
into tension stresses +1 MPa closer to the outline of the mine bottom. Due to such

stresses, it is appeared the rock heaving in the bottom.

In the roof of the working, in the central part of the seam, there is tension stress
that bending the rock into the working, and in the higher part of the seam there is
compression stress. The area of these stresses action is approximately 1-meter width
and 1-meter height that is less than in the mine bottom. The tension stresses act in the

range of -0.75 MPa to +1.5 MPa.
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Figure 11. Vertical stresses of the working
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In the walls of the workings acts bearing pressure and there are areas of the
increased rock pressure. The areas of the compression stresses in the walls of the
working has an area of the 5 meters’ height and 2.5-meter width. The range of
compression stresses is from -6 MPa and to more than -9 MPa near the mine walls. The
area of compression stresses has large sizes and engages coal seam, its roof and bottom.

Moving away from the mine walls, it is appeared a zone in unloaded condition.

According to the quality factor, of the horizontal stresses corresponds to the
existing ideas about the distribution of geostatic stresses around the working. In the
roof and bottom of the mine, the areas of tensions (o) are formed, and in the walls of

the working — zones of high rock pressure.

2.5.2 Strain-stress state analysis of the working in terms of horizontal

stresses

It was set such range of load values from +3 MPa for tension stresses to -6 MPa
for compression stresses in terms of horizontal stresses. Considering the simulation
results of the working, in particular the horizontal intensity, it can be seen that in the
walls of the working acts such compression pressure within the limits of -2.25 — 0.75

MPa.

Viewing the upper and lower layers of the coal seam, which are represented by
the layers of mudstone with the Poisson’s ratio equals 0.21, it is also can be concluded
that in the walls of the working act compressive strength. Taken for example the
mudstone layers upper and lower the coal seam and the calculated horizontal pressure
according to the formula, we will get such lateral load of the working for this layer as

-1.35 MPa.

Analyzing immediate mining roof that is represented by mudstone, it can be
observed tension stresses. In the central part of the rock arch, the tension stresses act
in the range of 2.0 to 2.5 MPa. The destruction of the continuity of the immediate roof
may occur in the area, which has approximate dimensions of 1.8 meters wide and about
a meter high. Considering the sides of the immediate roof, tensile stresses in the range

of +0.75 to +1.5 MPa act there. Taking into account fracturing rocks of the Western
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Donbass, that cannot resist tension, it is creating the weakening zone, that have
approximate dimensions 3.5 meters high and 2 meters wide from both sides of the

workings.
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Figure 12. Horizontal stresses of the working

Considering the bottom of the working, the tension zone has less width than the
width of the working and accounts for approximate 3 meters and depth of 2 meters.
The tension stresses in this area are in the range from 2.0 to 2.5 MPa. It is also arising
weakening zone in the bottom of the working, taking into consideration the fracturing
factor and water saturation from the coal seam. In the right corner of the working, it
can be observed stronger tension loads than in the left corner and this part of the right
corner has sizes around 2 meters’ width and 2 meters’ depth. There are also weakening
zones on both sides from the bottom of the working. This area has around 5 meters’ on
the strike and 3 meters’ depth with the range of tension stresses from +0.75 to +1.5

MPa. Due to the tension stresses in the bottom, it is foreseen a rock heaving.

The 2 tension stresses zone occurs in the area with dimensions around 4 meters’
width and 4 meters’ height in the lateral sides of the working above the coal seam, and
2 zones about 5 meters’ width and 3 meters’ depth below the coal seam. Regarding that
the enclosing rocks have a high degree of fracturing and water content, but the coal
seam has a high strength, according to the action of compressive loads, destruction

does not occur.
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According to the quality factor, parameters of the distribution components curve
of the stress-strain analysis are compliant with existing representation of deformation
processes of the rock massif around the working. Moreover, the obtained results do not
contradict to the numerous geomechanical investigations in this field of studying. It
confirms the equivalence of the simulated model to the real conditions of mine

workings maintenance in underground mines of the Western Donbass.
2.5.3 Strain-stress state analysis of the working in terms of intensity

Considering stresses intensity in the stress-strain analysis of the working, it was
researched the stresses range of 0 MPa to +14 MPa. Stresses field ¢ allows to assess
rock conditions from the synergetic action of the stress components (both vertical and

horizontal) in the field of compressive forces.
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Figure 13. Intensity of stresses of the working

In this case, in 2 layers of mudstone and siltstone below coal seam, which are
subject to factors of water saturation, jointing and rheology, there is significant area of
rocks which are likely exposed to weakening. This area has approximate sizes of 1.5-
meter width and 5 meters’ depth. The range of stresses is from 1.3 MPa to 3.5 MPa. It
is possible rock heaving in the bottom of mine and increased stresses on the lower part
of mine legs. In the corners of the working, there are increased stresses, in the range of

values from 11.0 MPa to 12.5 MPa. In this places, it is possible weakening rock.
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Unloading areas (according to the vertical stresses and intensity) due to the
extremely lowered stresses are dangerous in terms of the possible loss of stability in

the bottom of the working, which can provoke a more intense heaving process.
2.6 Stress-strain state analysis of the support

In this analysis on the stress-strain state of the support have influence such

parameters as support design, angle of bedding, frame lock and consolidated space.

In this investigation, according to the specification of the mine, it was simulated
the metal arch three-link marquee pliable uniform support with prolonged legs of the

support.

For the simulation and the most accurate reflection of the real design features of
the support and lagging, the special significance has the shape of interchangeable
special section, from which the shape is constructed. It was used the ISS — 22. In
addition to this, it is important to design the frame lock, that provides the sustainable
interaction between support and soft adjacent strata. The construction of the base plate
under the frame leg is also important due to the limitation of the support indentation in

the rocks of the bottom.

The frame support serves as a visual indicator of the intensity of the rock pressure
manifestations in different parts of the working outline. According to the deformation
of the frame support, it can be evaluated the degree of stability of the working and, if
necessary measures can be provided to strengthen the frame support. In the number of
works, it was investigated how geomechanical factors can influence on the working

support and its yielding property [70,71].

For conducting of more reliable stress-strain analysis of the frame support, the
range of values for stresses changes. In addition to this, the figures of horizontal,
vertical curve diagrams and intensity curve diagram are made in the increased scale,
since the frame support is under the action of stresses from shifting border rocks and

the frame support dimensions are much smaller than dimensions of the rock massif.

As for the frame locks, due to the difficulty of the accurate reflection of the frame

lock design, the constructional simplification was introduced to the simulation model,
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that allowed to calculate the stress-strain state more stable. In the area of the frame lock
location, the filling from the easily deformable material was introduced. This ensured
the flexibility of the frame under compressive stresses. The frame lock simulation in
the form of a cross section of the corresponding special section is located at the
coordinates of the frame locks and has length of 400 mm. The integral support was
simulated with 2 lock inserts, that has mechanical characteristics of grade of steel Ne
5. The only one difference in the characteristics is in the decreased limit of the
stretching strain (yield strength) in the frame locks. This allows to make simulation

more stable.

It was set such mechanical characteristics of the frame support as o; =
Geompr=300MPa, elastic modulus = 21*10* MPa, Poisson’s ratio v=0.3, shear modulus
= 8.1*10° MPa and mass density 7700 kg/m>. For the frame locks, the elastic modulus
was set 10° MPa, Poisson’s ratio is 0.3, shear modulus 3.8*10° MPa, o, =

Geompr=300MPa.

It was designed the consolidated space (backfilling) between support and rock
massif, with the width of 0.15 meter. The backfilling is used for the improving of the
connection between support with walls of the working, it helps to increase the stability
of the rock massif by the increasing of the load-bearing strength of the support and
conducts equilibrium distribution of the stresses. The mechanical characteristics that
were set for the backfilling are: elastic modulus = 10 MPa, Poisson’s ratio = 0.1, mass

density = 2000 kg/m®, 6, = 0.1 MPa, 6. = 3.5 MPa.

Analysis of the horizontal ox and vertical oy stress distribution of the support
corresponds to the dispositions of mechanical engineering of the underground

structures.
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2.6.1 Stress-strain state analysis of the frame support in terms of vertical

stresses
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In terms of vertical stresses, it was set such range of values from -100 MPa for

Figure 14. Vertical stresses of the support

compression stresses to +100 MPa for tension stresses. Inside the roof timber, it can be
seen considerable tensile stresses in the central part of the support, the values are more
than 250 MPa. This area has a width of around 1 meter. On the external part of the roof
of the working, compression stresses act to more than + 200 MPa. However, these

values are still lower than yield stress of the steel support.

In the areas of frame locks of yielding, it can be seen significant decreasing of
stresses. On the both frame locks act compression stresses to more than -100 MPa. This
is due to the effect of reduced deformation properties of the frame locks of yielding
that have a length of 400 mm. The compression stresses act also on the distance of
around 200 mm from both sides of frame lock with range of values from -30 MPa to —

100 MPa.

In the legs of the working, in the area that begin lower of the frame locks level,
there is an action of considerable tensile stresses, more than 400 MPa. In such a way,
it can be concluded that frame support will have possible destruction and such stresses

provoke the development of the bending of the legs inside the working.
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2.6.2 Stress-strain state analysis of the frame support in terms of horizontal

stresses

For the horizontal stresses, it was set such range of values from -50 MPa for

compression stresses to +50 MPa for tension stresses.

Considering the roof of the support, it can be observed high tension stresses on
the internal side, that has a width of 2 meters. And on the external side of the support,
act high compression stresses on all the area of the roof support between both frame
locks. Such action of stresses characterizes the bending of the roof support into the

cavity of the working.

On the level of frame locks, it is also can be seen the action of low compression

stresses on the length of 400 mm. The range of values is more than -100 MPa.

In the legs of the working, act high compression stresses. These compression
stresses are higher than rock resistance to compression. Due to this process, in the
bottom of the working, the heaving of rocks takes place. In the both corners of the legs

of the support, there are small areas of tension stresses.
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2.6.3 Stress-strain state analysis of the support in terms of intensity

Figure 15. Horizontal stresses in terms of support

The roof timber is exposed to local tensile and small compressive stresses and

legs of the working are exposed to considerable compressive stresses, since they
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impound all the vertical loads. The horizontal stress has a high degree of compression

in the roof timber because of the accumulation of wall pressures.
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Figure 16. Intensity of stresses in the frame support

tensile stresses in the frame timber and legs of the working, that are marked by red

color.

And in the legs of the frame support, under the level of frame locks, the

compression stresses act in the support.

It can be seen that legs of the frame are under the action of increased vertical
compression stresses and decreased horizontal stresses. This stresses in common form
extended areas of the yield state of the frame support, which leads to a loss of stability

of the legs of the frame and the frame support as a whole.

It should be taken measures to increase the stability of the frame and limit the
areas of the plastic state. In such a way, the next step of simulation is adding rock bolts

to the model for providing more stable state of the support and rock massif.
2.7 Stress-strain state of the rock bolts (anchors) and support

In the mines of Western Donbass, it is highly used the combination of different
types of rock bolts with the frame support. The most popular type is resin-grouted roof
bolts that has length to 2400 mm. During last years, it is started also to use rope bolts



61

in the roof of the working that have length to 6000 mm. In such a way, the support
system of the mine working consist from frame support, rope bolts and resin-grouted
roof bolts. Each of the elements of the support system interacts with each other and
works in the same area of the bordering rocks of the massif and resists the same

manifestations of rock pressure.

Figure 17. The layout sketch of rock bolts

For the qualitative assessment of the stress-stain state of the support system, it is
important to choose the appropriate scheme of roof bolts position. According to the
number of field experiments, there is a high difference between stress-strain state of
roof bolts during changing of their position in the working, for instance their location
in the roof timber or in the walls of the working, and the type of roof bolts, for example
rope bolts or resin-grouted roof bolts. According to the number of simulations, it has
been discovered, that resin-grouted roof bolts have higher extent of loading in the area
of frame locks location and in the walls of the working. And the rope bolts are better
to locate in the roof timber. In addition to this, the depth of the working has an

importance.

As a consequence, there are 2 main points for the choosing of the roof bolts
position. The first one is different extent of rock bolts loading in the rock massif. It was

found that, resin-grouted roof bolts have low extent of loading in the roof timber and
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walls of the working. And the highest level of the loading resin-grouted roof bolts has
in the walls of the working, lower and higher of the frame locks area. And the second
reason is in the high level of rope bolts loading in the central part of roof timber. Due
to the length of rope bolts that reaches 6000 mm, there is a significant difference
between the displacements of the rocks deep in the rock massif and near the working
outline. In such a way, there is a significant resistance of rope bolts again subsidence

and their effective support influence can be seen [70].

One more important reason, that is need to be highlighted for the support system
choosing, it is the increased lateral rock pressure in the workings of the Western
Donbass from the immediate roof of the working and bottom of the coal seam. This
feature is explained by creation of stronger plate by combination of rope and resin-
grouted bolts in the immediate roof and coal seams have higher compression resistance
in comparison to immediate roof and bottom. As a result, soft and water-saturated rock
of the immediate roof and bottom presses into the cavity of the working due to the

action of bearing pressure.

In this investigation, it was chosen the layout sketch, where it is used 6 anchors.
Among them 2 centrals are rope bolts, and 4 bolts in the roof of the working, 2 on each
side are resin-grouted rock bolts. Such layout of rock bolts is especially suitable for the
conditions of the Western Donbass mines for the rock pressure control and workings
with reuse. The diameter of both types was taken 22 mm. The length of rope belts is
6000 mm and length of resin-grouted bolts is 2400 mm. The rope belts are conducted
at an angle of 75" and approximate distance between them is 1000 mm. The upper
resin-grouted rock bolts are conducted at an angle of 50° and are situated just above
the level frame lock, and the lower resin-grouted rock bolts are conducted at an angle

of 40° and are situated just below the level of frame lock.

There were set such mechanical characteristics for rock bolts as Geompr = Gren= 300
MPa, elastic modulus is 2.1 * 10° MPa, Poisson’s ratio is 0.3, shear modulus is 8.1 *
10* MPa and mass density 7800 kg/m?>. These characteristics were set for both types:

resin-grouted and rope rock bolts.
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According to the number of investigations, rope bolts are highly suitable for the

layered rocks and slightly metamorphosed massifs.
However, the lateral soft rocks complicate the application of rock bolt systems.

Consolidation of the working by rock bolt’s systems is highly effective and
applicable in the number of mining enterprises in the whole world. Rock bolts serve
for prevention of the increasing of disturbed rocks area around the working. The most

effective system is combination of usual-sized rock bolts with deep-laid rock bolts.

In this work, for the third simulation model, it is used 2 deep-laid rope bolts.
These rock bolts are made in the form of a cable consisting of flexible steel cores,
which allows to use them with higher length than the working height. Functioning
principle of rope bolts in the fixing of rocks that are expected to be in the failure zone

to overburden and more stable rocks [72-74].

Due to yielding bracing of rope bolts and frame support, bearing ratio of the
frame support is increasing. The combination of rope bolts and support changes the
rock massif behavior and leads to the joint deformation processes of rock massif and
frame support. In addition to this, in areas of increased rock pressure, there is a process

of self-adjusting changing of resistance to stress [70].

The symmetrical installation of rock bolts in relation to the vertical axis of the
mine working is grounded by the fact that there is the opportunity of reusing the mine

working and aligning the asymmetry of the geomechanical processes behavior [70].

Another 4 rock bolts are resin-grouted roof bolts. They consist of a steel bar with
a ring seal. At the end of a roof bolt that is situated in the working outline, there is a
screw and back plate. The deep end of the roof bolt is fixed in the bore hole by a

polymer concrete [75].

2.7.1 Stress-strain state analysis of the rock bolts and support in terms of

vertical stresses

For the vertical stresses, it was set such range of values from -50 MPa for

compression stresses to +50 MPa for tension stresses. Analysis of the vertical stresses
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distribution shows that on the external face of roof timber act tension stresses, which
marked with green color. This part of the roof timber is under tension stresses around
+30 MPa. The internal part of the roof timber is under action of compression stresses,
which values range to -60 MPa. Such unloaded state of the roof timber is explained by
the support of rock bolts.
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Figure 18. The vertical stresses in the support
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Figure 19. The vertical stresses in the rock bolts
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In the internal part of the frame legs, the tension stresses act in the range to +130
MPa. The legs of the working are marked with red color. In the corners of the legs, it
can be seen also low tension stresses, that are in the range from +10 MPa to +30 MPa.
On the external part of frame legs act low compression stresses in the range from -10

MPa to -50 MPa.

It can be seen compression stresses in the internal part of frame locks that
smoothly turned into tension stresses on the external part of frame locks in the range

from -10 MPa to +15 MPa.

In such a way, the vertical stresses that act on the support system of the working

do not exceed yield stress of the steel and the working is in the stable condition.

According to the layout of rock bolts, it can be seen that 4 resin-grouted rock
bolts in the walls of the working are under the action of high tension stresses in the area
of immediate roof and marked with red and green color. The tension stresses are in the
range from +30 MPa to +50 MPa. Above that level of immediate roof, in the main roof,
that is represented by mudstone as well as immediate roof, the resin-grouted rock bolts

are under the action of compression stresses in the range of -35 MPa.

Considering the 2 rope bolts in the central part of the roof timber, they are under
the action of low tension stresses at around +25 MPa in the immediate roof and turns
into higher tension stresses in the area of main roof. In the upper seams, where the
length of rope bolts is from 3 to 6 meters, there is an action of low compression stresses

that turns into low tension stresses in the range from +15 MPa to -10 MPa.

2.7.2 Stress-strain state analysis of the rock bolts and support in terms of

horizontal stresses

For the curve or horizontal stresses, there were set such range of values from

-100 MPa for compression stresses to +50 MPa for tension stresses.

Inside of the room timber, the tension stresses act in the range from +10 MPa to
+50 MPa in the central part. And on the external part of the roof timber, act low

compression stresses in the range from -50 MPa to -80 MPa.
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Figure 20. The horizontal stresses in support
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Figure 21. The horizontal stresses in the rock bolts



67

In the legs of the working, in the internal part compression stresses act in the
working, marked with light blue colour. Closer to the working outline, it can be seen
tension stresses in the legs of the working, colored with green and red colores. The
tension stresses act in the range of +30 MPa and compression stresses on the internal

part act in the range to -40 MPa.

In the area of frame locks, act most of all low compression stresses in the range

from -5 MPa to the -20 MPa.

The assessment of the horizontal stresses proves the curve of vertical stresses,
that the roof timber and legs of the working under the action of stresses flexes into the

working.

In 4 resin-grouted rock bolts in the walls of the working, closer to the working
outline act tension stresses on the length of around 2 diameters of rock bolts. Further

on the roof bolts act compression stresses in the range of -80 MPa.

Considering the rope bolts in the area of immediate roof they are under the action
of low compression stresses in range of -20 MPa and in the area of main roof the action

of compression stresses increases to -60 MPa.

2.7.3 Stress-strain state analysis of the rock bolts and support in terms of

intensity

For the intensity curve it was set such range of values from 0 to 200 MPa. In the
roof timber it can be seen increased stresses in the internal part of the support. Because
the action of vertical stresses, the shape of roof timber tends to flexing. The vertical

stresses act in the internal part of the support as tension stresses.

Inside the support, it can be seen the highest stresses. In the legs of the working,

in the internal part, the stresses act to the values of almost 180 MPa.

It can be concluded that the roof timber bends inside the working under the action

of stresses, legs of the working also bend into the working under the increased stresses.
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Figure 22. The intensity in the rock bolts and support
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Figure 23. The intensity of rock bolts
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Considering the simulation model of rock bolts (the intension curve), it can be
seen that 4 anchors in the wall sides of the working are under the action of tension
stresses and marked in red color. Closer to the support, on the level of the backfilling,
they are under the action of compression stresses and colored in the blue color. These

4 anchor bolts are resin-grouted and loaded in the level of immediate roof.

And 2 upper rock bolts are under the action of compression stresses from the
level of working support to the level where 4 resin-grouted rock bolts end. But higher
of this level, it can be seen that anchors are under the action of tensile stresses and
loaded in the level of main roof, that is represented by mudstone as well as immediate
roof. Higher this level, in the end of anchor bolts in the layer of siltstone, they are

colored in blue and are under the action of compression stresses.

The obtained results indicate that the “frame support-rock bolts” system is in a
stable condition and does not exceed the yield strength of steel. The obtained results of
vertical loads indicate increased stresses in the frame legs, which can be strengthened
with resin-grouted rock bolts below the level of coal seam (at an angle of around 170°).
Rock bolts withstand a given load. However, the maximum load on the rope bolts is in
the middle of the length of the bolts. As for resin-grouted rock bolts, they are in a
loaded state, but the load on them does not exceed their limits. Thus, according to the
results of computer simulation, it can be seen that the working is in a stable state, the

support system copes with its main task in the given geological conditions.
2.8 Workplace safety during roof-bolt setting

The staff personnel involved in the construction of the anchor bolts must go
through specific training. All work on the construction of the roof bolting should be

carried out under the protection of the previously installed excavation support.
It is forbidden to carry out installation of roof bolts from a combined machine.

During drilling boreholes and construction of roof bolts, at least two people
should be in the mine at the work place. It is forbidden to walk around the support

setting of the tail chain during shifting of lining.
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Drilling of boreholes should be carried out under the protection of the grid-
tightening, which is pressed to the roof of the mine with a crown tree that is hold by

the auxiliary support.

Alongside with the revision of face, it is necessary to inspect the ventilation
pipes, eliminate the discovered defects and hang the cables. In gaseous mines, before
starting work on drilling boreholes and construction of rock bolts, it is necessary to

determine the concentration of methane in the atmosphere of working.

Drilling of rising blast holes should be accompanied by dry or wet dust

allayment, otherwise workers should be provided with respirators and safety goggles.

It 1s forbidden to drill boreholes through exfoliated pieces of rock in order to

avoid collapse of the rock.

Drilling rigs are systematically tested for their ability to provide the required

rotary moments.

The diameter of the bore bits for drilling bore holes should correspond to the
diameter of the used rock bolts, checking the diameter of the bore bits is also made

after their renewal (sharpening).

It is necessary to check the length of the drill rods: the length of the holes should

not be more or less than required.
It is necessary to use drilling bits that correspond to the strength of the rocks.

It is necessary to carry out careful quality control of drilling bits during the
purchase. The dimensions of the drilling bits should provide drilling holes for all types

of work where rock bolts are used.

It is necessary to check the quality of the drill rods, to fix all deviations and

deficiencies. This applies in a greater degree to the drill rod carrier.
The installation of polymer ampoules must be done in special gloves.

Ampoules with damaged covering that were found at the workplace should be

placed in a double plastic bag, vacuum-packed, taken to the surface and disposed. The
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number of damaged ampoules should report in acts. It is forbidden to fault (casing

breakage) of the ampoules before introducing them into the hole.

During installing of chemical ampoules into a hole, it is necessary to make sure

that they are equally located in the well along the entire length.

Prior to fixing agent setting, it is prohibited to suspend equipment and other

objects to the elements of rock bolts support.

During installing of rock bolts and tightening of locknuts, the crown trees should

be firmly pressed to the roof and side rocks.

The adapter for tightening of rock bolts must be checked for suitability and run-

out, which will ensure the appropriate moment of rotation of the rod.

The construction and operation of a mine without safety indicators are

prohibited.
2.9 Measures for safety work

Dust generation ability of coal seam Cs+Cs" according to the catalog of mine
seams by dust factor in the “Guide to the fight against dust in coal mines”, it belongs
to group I of dust formation. The specific dust emission per ton of coal extraction is 15
g/t. The dust content in the loosened coal is 0.25%. Coal humidity (analytical) - 2.1%.

Seam thickness (average) - 1.03 m.

The mine is classified as a dust hazardous. The specification of the mine provides
additional measures in accordance with the requirements of the “Instructions for the
Prevention and Localization of Coal Dust Explosions” (Collection of instructions for

the Safety Rules in Coal Mines) [76].

If smoke is detected in the mine workings, it is necessary immediately to engage
in the self-rescuer and move along the ventilation stream to the nearest workings with
a fresh air stream and then along the fresh air stream to the auxiliary shaft and to the

surface [77].
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2.9.1 Measures to dust control of air. Dust removal of the return ventilation

air. (cleaning of the ventilation air)

For continuous coal dust consolidation in the return ventilation air and reduction
of dust deposition, it is necessary to use water barriers, which are installed dispersed in
the area of the ventilation drift adjacent to the longwall face. The water barriers are
installed on the return ventilation air no further than 20 m from the longwall face in the

direction of the air stream.

Water barriers are installed in such a way that the cross section of the mine
working is completely blocked by the mist spray. For every 500 m*/min of passing air,
one water barrier is installed. If it is necessary to install several barriers, the distance

between them is taken equal to 3-5 meters [76].
Water barriers will be installed in the working area of the mine.

Irrigation during the operation of the combined machine will ensure residual dust

content of the air at the level of:

C = 1000q4.v16,7K4K P, K mg

Q4 urswmgi

where qqe — 1s a specific dust emanation of the coal seam (15g/t);

P. — productive capacity of the combine machine, t/min (2,67 t/min — for all longwall

faces);

V — moving velocity of the ventilation air stream in the working face, m/s (1,6 m/s);
Q. — amount of air that is pass through the working face, m*/min (252 m*/min for the

543 longwall face);
K, —index of the reduced degree of grinding, (0,11)

K, —index, taking into account the change in specific dust emission depending on the

combine configuration (0,9);

K, - coefficient that takes into account the upper limit of dust fineness (0,5);
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K. - coefficient that takes into account the presence of dust removal measures;

K - coefficient that takes into account the influence of the speed of the ventilation air

stream in the longwall face (0,9);

K: = (1-E)) (1-E»),

where E; - coal moistening efficiency in the massif, in a quantity;
E» - combine irrigation efficiency, in a quantity;

K; = (1-0) (1-0, 792) = 0,208;

For the longwall face Ne 543:

o = 1000 * 15*%1,5% 16,7 * 0,11 % 0,9 * 2,67) _ 34 8mg
43 242 % 0,5 % 0,208 * 0,9 T m3

Due to exceeding the level of maximum permissible dust concentrations (4 mg /
m?), it is required to use the dust respirators. The efficiency of the water barriers is
80%. Since the residual dustiness of the air (C) after irrigation at the combine is more

than 4 mg / m?, the use of water barriers is necessary.

Determine the number of water barriers. The air dustiness after working

development:

1t water barrier:
B, = 38,4 — (38,4 * 0,8) = 7,68 mg/m’;
2nd ywater barrier:

B, =7,68 — (7,68 *0,8) = 1,54 mg/m’;
The daily water consumption for the water barrier is:
Q4= Q * T, l/daily;
Q¢ - water consumption per unit time, 1/min;

T - the duration of the barrier working per day, min.

Q:=V * gvar , /min;
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where: V is the amount of air passing through the longwall face and the water barrier,
m?/min;

Qbar— specific water consumption for air purification from dust, I/m? (0,1 I/m? - for the

water barrier).

The duration of the barrier working is equal to the duration of the combine

working per day, which is determined from the expression:

T = A/P., min
where P, — productive capacity of the combine machine (2,67 t/min);
A - daily production from the longwall face, t.

The excavation section of the 543 longwall face is ventilated according to a
straight — through ventilation arrangement. Fresh air enters the longwall at 543
development drift. The outgoing air stream comes from the longwall to the 543
boundary entry, where it is refreshed with a fresh air stream. As the mining pillar of
the longwall face is mined, 543 boundary drift is supported, 543 development drift is

abandoning.

At the 543 boundary entry, at the distance of no more than 20 m from the the
ventilation air stream exit from the longwall face, it is installed 2 water barriers for dust

removal of the outgoing air stream. The number of barriers is calculated earlier.

The water flow rate of a water barrier B3-2 type is 50 liters at a pressure 1.2MPa.

For dust removal of the outgoing air stream, it is accepted 2 air barriers of the B3-2
type.
To remove dust from an outgoing air stream:

Qtour. =242 *2 * 0,1 = 48,4 I/min;

The duration of the barrier working is equal to the duration of the combine

working per day, which is determined from the expression:

T=1836/2,67 =688 min;
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Then:
Qq = 48,4 *688 = 33299 l/daily = 33,3 m3/day.

All the values were taken from the “Mine dust removal instructions™ [77].
2.9.2 Fire prevention and protection activity

According to the mine specifications, for the purposes of fire extinguishing and
dust control, fire-irrigative line of pipes is set in the room entries and equipped with

fire-extinguishing means.

To provide a total water consumption for fire extinguishing of at least 100 m*/h,
for workings equipped with belt conveyors at the 543 development entry to the
conveyor drive 2LT-1000D, the water pipeline is constructed for the connection to the

UVKP automatic fire extinguishing system. The diameter of pipeline is 150 mm.

Water barriers are used to localize coal dust explosions, that constructed

according to the chapter 6, part 7, par. 16-17 of “Coal mine safety rules”.

The wall sides and the roof of the entry should be washed periodically with

water, according to the chapter 6, part 7, par. 20 of “Coal mine safety rules”.

As the coal seam of Cs + Cs" s not prone to spontaneous combustion (Conclusion
of the «Respirator» Research Institute of Mining Rescue Affairs), special measures to

prevent coal spontaneous combustion are not provided.

The calculation of the fire-irrigation pipeline for the 543 development drift and
543 boundary entry was carried out by the MRA research institute in the “Mine Fire

Protection Project” and complies with the established Safety Rules.

The amount and arrangement of primary fire extinguishing means were taken
in accordance with the requirements of the “Instructions for the fire protection of coal

mines” (Collection of instructions to the Rules for safety in coal mines) [76,77].
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PART 3

SELECTION OF THE WORKING SUPPORT PARAMETERS.
ARGUMENTATION OF THE PARAMETERS OF THE ROCK BOLTS
SUPPORT LAYOUT

3.1 Analysis of the used support structures

The choice of rational parameters for the placement of the support system
elements of working is the most important task of this section. The choice of parameters
of the support elements depends on a number of geological and mining conditions for

workings maintaining.

The main point of installing resin-grouted rock bolts is their maximum unloading
of frame support to ensure the minimum loss of the working cross section and provide

the maximum resistance to the rock pressure.

The number of reason for installing both resin-grouted and rope rock bolts are

described in the Section 2.7 of this work.

In this work, 4 resin-grouted rock bolts that have length 2400 mm were installed
in the walls of working in the area of frame locks location. Such a support system is
reasoned by studies of stress-strain state support systems in different mining and
geological conditions of the Western Donbass. According to the studies, during
installation of resin-grouted rock bolts in the central part of the working’s roof, it is
determined their reduced loading. In addition to this, the roof timber is loaded not so

much as legs of the working.

However, in the walls of the working, the load on the rock bolts increase due to
the action of bearing pressure. To ensure maximum resistance of rock bolts in the walls
of working to the movement of roof rocks, the preferred direction of movement of

rocks of the immediate roof is determined:

- 40° to the horizontal axis — in the area of coal seam bedding plane;

- 50° on the height of around 0.6-0.8 meters from bedding plane.

It is the angles of lower and upper rock bolts installation respectively.
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Installation of resin-grouted rock bolts limits the negative effects of rock

deformations or completely eliminates them. Dangerous factors include the following:

excessive lowering of the roof and loss of the drift cross section;

- the formation of cavities between the immediate and the main roof, which can
provoke a dynamic effect when the main roof collapses and the drift is removed
from service;

- irregularly distributed load on the support system elements, since the load

concentration transmitted to immediate bottom of working and increases the

destruction possibilities of drift rocks;

the formation of increased lateral pressure on the frame legs, heaving of the soil

and subsidence of the roof rocks [70].

Considering the working support by rope bolts, their effectiveness and multitasking
improves the stability of the workings. Their usage refines the number of factors,

among which:

- increased safety of work;

- the working stability in the zone of actual mining influence;

- improves the ventilation level of the working;

- they limit the roof stratifying and provide its original structure up to the run

of working face.

The following installation options for rope bolts are recommended. The rope
bolt’s shank is located at a distance of 0.5 to 1 m from the vertical axis of the working,
which ensures the maximum decreasing in moment of resistance in the roof of the
frame support. The angle of rope bolt inclination is 70-80°, which coincides with the
movement of roof rocks in this section of the working kettle and the rope bolt will

create maximum resistance. The length of rope bolt should be no less than 6 meters.

Considering the rock bolts scheme that was applied in the “Dniprovska mine”,
there are 2 possible layouts: 6 resin-grouted rock bolts with stepping increment of 1
meter and 4 resin-grouted rock bolts with the stepping increment 0.8 meters (figure

24).
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45°

Figure 24. Rock bolts layout of “Dniprovska” mine

The support setting of the development drift with longwall face is made
by strengthen advance support, which consist from 2 rows of hydraulic pops with
diameter 18-22 cm, with compliancy elements installed under the metal baulk and

frames of rock bolts support.

Strengthening the support system of the development workings behind the
longwall is carried out by restoring wooden props with a diameter of 18-22 cm with
compliancy elements (pieces of timber L=400 mm) under 2 central metal mud stills.
The upper part of the wooden props should be fixed to the top of the frame support

with a wire with a diameter of 6 mm.

Additionally, in the developed zone of inelastic deformations in case of unstable
condition of the working’s walls, rock bolts with a length of 1500 mm are installed at

a distance of 250-300 mm below the coal seam.

3.2 Substantiation of the resource saving at the supporting of development

drift

According to the investigation of influence of the substitutable special section

type on the stress-strain state of the “stratified massif-working support” system [67], it
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was found that cost-effective use of resources is possible during reducing of metal
consumption for frame support and as a result decreased labor costs. There are 2 ways
of decreasing the metal consumption under the conditions of strengthening of the
working roof by rock bolts. The first one is in increasing of the frame support setting
increment and the second one is in applying more easy type of substitutable special

section.

However, the first option is problematic due to the mining and geological
conditions of the Western Donbass. Since rock massif is soft and metamorphic, the
increased setting increment will lead to the increased volumes of rocks that are
accounted for 1 frame support. The load on the frame support will increase. As a result,

it is possible to have loss of bearing capacity.

Considering the increasing of the substitutable special section number and
increasing of metal amount, this option will strengthen the frame support, but there will
not be cost-effective use of resources. Since with the increasing setting increment of

the support, it will be also increased amount of the frame support metal section.

Also, it should be paid attention that due to the soft rocks that are often under
the action of weakened factors such as fracturing, water saturation and rheology, the
increased distance between frame supports can lead to the loss of the massif stability

and there are possible local rock failures.

The second option is changing of special section on the one with less metal
consumption. In the investigation [67], it was changed from SSS-27 to SSS-22 profile
and even SSS-19. The simulation showed not significant increase in action of stress on

the frame support.

Applying this option to this work, it is possible to change the frame support
profile from SSS-22 to the SSS-19. Reducing the number of special section’s profile
does not lead to a significant change in the stress-strain state in the frame support,
which confirms the practicability of reducing the capacity of the metal in frame support

and the complexity of its installation.
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According to the previously mentioned investigations, the changing of the
special section profile from number 27 to number 19 and with the same installation
step of the frame support, allowed to decreased the metal consumption on around 30%.
As a conclusion, in the given mining and geological conditions, where the depth is less
(200 meters in comparison to 362 meters) and as a consequence less stress on the rock

massif, such a resource saving option is suitable.

As a result, for the optimization of the development drift stability, it is effective
to use “frame support-rock bolts” system for the mining-geological conditions of the
Western Donbass. And for the cost-effective use of the resources, it is possible to

decrease the special section profile with less amount of metal.
3.3 Economic evaluation and benefit of the system

Use of such a support system which strengthens a slightly metamorphosed rock
massif reliable enough, allow to reuse the development drift and have more benefits,

such as possibility to reduce the profile of substitutable special section.

During calculations of the elements of the rock bolts-frame support system, the

cost of 1 meter of the drift supporting makes:

The cost of one long meter of development working supported by rock bolts

and frame support (SSS-22) with the setting increment of rock bolts of 1 meter only

for materials:

rac:

Element Amount | Price (UAH) | Total (UAH)
Rock bolt 22/2.4 4 200 800
Rock bolt 22/6 2 675 1350
Ampoule 300 6 15 90
Ampoule 600 12 24 288
Locknut M 22 6 12 72
Grummet o 200 6 8 48
SSS-22 (250 kg) 1 6430 6430
Total sum 9078

Table 5. The expanses for support system’s elements

Csup =Ci+ Cpu + CCta UAHa

C:t— the cost of the rock bolts-frame support;
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Cp-u — the cost of bolting-up (425 UAH/meter);
Cet — the cost of crown tree (680 UAH);
C=9078+425+680 = 10183 UAH (343 EUR);

According to the rate of exchange of the National Bank of Ukraine as on the 15
of April, 1 EUR =29.7 UAH.

Due to the stability of the working, the SSS profile can be reduced from SSS-22
to SSS-19, which will save 780 UAH on the cost of the material per meter of roof
support, which will amount to 508560 UAH (more than 17000 EUR) for the length of
the development drift 652 meters.

Due to the proposed support system, the working can be reused and costs can be

saved on the retimbering of the working and footwalling.

Expenses for the retimbering:

Ryor = ;- (11,97 - InA-S + 168,62InA — 17,64 - S — 248,5)K, UAH /m

where c¢; — a coefficient that takes into account general mine loses (1.17);

S — internal cross-sectional area of the working (11.7 m?);

A — yielding of support (300 mm);

K — a coefficient that taking into account the influence of the support elements;

Rre= 11,7 * (11,97 * In 300*11,7 + 168,62 * In 300 — 17,64 * 11,8 — 248,5) *
2,04=31119 UAH (1047 EUR),

Expenses for the development drift retimbering:
Cret = 652 #31119 = 20289588 UAH or 682644 EUR;
where the length of the development drift is 652 meters.

Expenses for the footwalling:

S
Rpy = € (0,34 “h+ 0,161n(ﬁ) WK, UAH /m

where h — the depth of the footwalling,
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K- is a coefficient that takes into account the influencing factors;

Reap= 11,7 * (0,34 * 500 - 0,04*500) * 4,13 = 7248 UAH/m (244 EUR);
Expenses for the footwalling of the development working:

Crw = 652%7248 = 4725696 UAH (159 120 EUR);

The total savings due to the proposed support system:

Crota= Csss-19TCrettCriw = 508560 + 20289588 + 4725696 = 25523844 UAH
(860000 EUR);

As a consequence, the reviewed support system will allow:
» to reduce industrial injuries caused by rock collapse during mine operations;
* to increase the pace of workings;
* to reduce the expanses for material and labor resources for support workings;

* significantly reduce the cost of retimbering, workings protection and

footwalling;

* reduce the metal consumption of the support.
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CONCLUSIONS

In the master’s thesis, it is carried out the research of stress-strain state of the

rock massif and support system, depending on the changing of support elements. In

order to solve the problem posed by research of changes in the stress-strain state of the

rock massif, several studies were carried out by computer simulations of real mine

conditions. It was developed a rational operation of the frame support-rock bolts

system that is characterized by a minimum pressure on the frame support in the slightly

metamorphosed rock massif. Also, it was:

investigated the modern method of studying of mechanical properties of rocks by
simulation methods to solve the problems of the rock massif stability control;

set the influence of strength characteristics and deformation characteristics of
rocks on the stress-strain state of the massif;

-performed a substantiation of a simulation model that represents geomechanical
behavior of the slightly metamorphosed rock massif;

performed a substantiation of the support system “frame support-rock bolts” of
the rock massif;

performed a substantiation of the parameters of development drift and its support,
that reflect in the most efficient way mining technological conditions for their
maintenance;

method of conducting a simulation experiment is developed, which includes 3

consecutive stages of calculating the SSS of the system and its analysis.
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BUCHOBKH

B maricrepcekiit po6oTti nposeneno gocaimpkenHss HIAC ripcekoro macuBy Ta
CUCTEMU KPIIUICHHS B 3aJI€KHOCTI BiJl 3MIHU €JIEMEHTIB KpiruieHHs. JlJig BUpIlIEHHs
3aBJaHb JIOCHIJKEHHS KOJMBaHb HaINpyXeHO-Ie()OPMOBAHOIO CTaHy TIPCHKOTO
MacuBy OyJI0 pO3pOOJICHO MAEKUIbKa KOMIT IOTEPHUX MOJEIIOBaHb 3 peaJbHUMHU
IIaXTHUMU XapakTepucTUKaMu. byna po3pobiieHa paiioHanbHa MOJEIb KPIUICHHS
BUPOOKM 3a JIOIOMOTOI0 pPaMO-aHKEPHOI CHCTEMHM, SIKa XapaKTepU3YEThCA
MIHIMQJIBHUM THCKOM Ha paMHE KpIIJIeHHs B ciiabometamopdigHOMYy MacuBi. Takox

Oyo:

- JIOCHIPKEHO CYYacHUW METOJ JOCTIIHKEHHS MEXaHIYHUX BIACTUBOCTEH MOPia
METOJIaMH MOJICTIOBAHHS JUIS BHPIIICHHS 3aBJaHb KEPYyBaHHS CTIMKICTIO
cinabomeraMop(iUHUM MACHBOM;

- BCTaHOBJICHa 3aKOHOMIPHICTh  BIUIUBY  XapaKTEPUCTUK  MIIIHOCTI  Ta
nedopMaIlifHIX XapakTEPUCTHK IMOPiJl HAa HaNpyKeHO-IAedhOpMOBaHUI CTaH
MacCHBY;

- BUKOHAHO OOTPYHTYBaHHS MaTEMaTUYHO1 MOJIEN, SIKa BioOpaxkae TeoOMeXaHiKy
MOBOJKEHHS ci1abomMeTaMopgiyHOTO MaCHUBY;

- BHUKOHAaHO OOIPYHTYBaHHS ‘“‘paMHO-aHKEPHOI CHCTEMH KPIIUICHHS TipChKOTO
MacCHBY;

- BHUKOHAHO OOIPYHTYBaHHS MapaMeTpPiB IUIACTOBUX ITIATOTOBYUX BUPOOOK Ta iX
KPITUICHHS, K1 HAOLIBII MTOBHO BiI0Opa)KatoCh TOPHO TEXHIYHI YMOBH IS iX
HiATPUMaHHS,

- po3po0ieHa METOJAWKa MPOBEACHHS OOYHCIIOBAIBHOTO EKCIEPUMEHTY, SKa

BKJITIFOUae 3 mociigoBaUX eranu po3paxynky HJC cucremu i fioro anamis.
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