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Abstract

Purpose is to develop and substantiate a mathematical model for forecasting of rock displacements around the develop-
ment mine workings and optimization of techniques for their reinforcement.

Methods. A comprehensive approach has been applied including numerical simulation; theoretical analysis; and experi-
ments. Special attention has been paid to rock displacements based upon stress-strain state of the rock mass. The developed
KMS-II software was used for the calculation helping model displacements and analyze the obtained data.

Findings. Recommendations have been proposed to decrease a rock dilatancy coefficient achieved through correction of
support parameters; mine working geometry; and control of rock deformation rate. It has been demonstrated that rock bolting
use lowers significantly the intensity of the displacements. It has been identified that a decline in rock strength results in the
increased failure zones; at the same time, the improved plastic properties minimize elastic energy accumulation reducing the
displacement probability of the opposite crack surfaces.

Originality. An algorithm has been developed forecasting displacements of the mine working peripheries taking into con-
sideration the mining, geological, and engineering factors. A mathematical model has been represented to identify both elastic
and non-elastic deformations in a border zone. The dependencies between border rock mass displacements, mine working
depth, and rock strength have been defined.

Practical implications. Determination of optimum parameters of rock strengthening helps minimize failure zones; better
stability of mine workings; and reduce the possibility of dangerous geomechanical phenomena. Use of the proposed model
makes it possible to improve mining efficiency owing to more accurate forecasting of displacements.

Keywords: underground mining, mine workings, supports, geomechanical processes, rock bolting, stress-strain state, rock

pressure, rock displacement

1. Introduction

Kazakhstan mining industry is among the leading eco-
nomic branches of the country [1]. Intensive use of raw-
materials base poses challenges to mining enterprises as for
ensuring stability and safety of mine workings [2]. The prob-
lem of rock displacements around workings becomes particu-
larly relevant since it is critical while mining deep deposits
where rock pressure increases significantly [3], [4].

Geological conditions of Kazakhstan differ in conside-
rable diversity of rock masses including coal, iron-ore,
polymetallic, and other deposits [5]-[7]. Karaganda coal
basin, being one of the largest in the country, stands out
with the complexity of seam composition; significant oc-
currence depth; and high loads. The abovementioned needs
use of the current simulation techniques to assess stress-
strain state of the rocks [8]-[10]. The problems become
extremely important against huge demands for mining safe-
ty and the necessity to minimize risks connected with bor-
der rock failure.
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Under constant loads, border rocks at large mining
depths transit from elastic loading conditions to a stage of
non-elastic deformation when the rock mass integrity dis-
turbs, and microdefects arise growing into direct fractures in
future. At the expense of the mentioned deformations (dila-
tancy), increase in rock volume takes place which value is
an order of magnitude more than displacements resulting
from elastic deformations [11], [12].

Breaking of rock mass around a mine working is one of
the most prevailing forms of rock pressure manifesta-
tion [13], [14]. The breaking may include large areas of rock
mass, and result in the certain share of rock caving in a mine
working under gravity. If the breaking area is smaller, then
rock pressure is manifested in falling of separate rock frag-
ments. The deformation of mine working periphery observed
during mining operations is another manifestation form.
Mostly, the both manifestation forms take place simultane-
ously; in this regard, such dynamic manifestations as out-
burst of rocks fracturing in a brittle manner; sudden bumps;
and blows are the most dangerous [15]-[18]. Rock mass
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breaking in the neighbourhood of underground structure
takes place when the certain combination of strain-stress
parameters achieves its critical point [19]-[22].

Eventually, stresses of enclosing rock mass around a
mine working exceeding their creep limit [23]-[26] decrease
owing to plastic rock deformation. Along with the stress
drop, rock deformation velocity decelerates; in turn, dis-
placement velocity of the mine working periphery also slows
down. In this context, increase in stresses provokes new
displacement wave. Following algorithm should be followed
for accurate analytical definition of the displacements:

—setting of mining, geological, and engineering condi-
tions for a mine working construction including characteris-
tics of floor and roof rocks;

—analysis of mechanical and strength characteristics of
rock layers;

— identification of stresses in the neighbourhood of the
mine working, i.e. in front of a stope, in the undermining
zone, and in a zone of residual support resistance; calculation
of a zone of non-elastic rock deformations as well as dis-
placement velocities based upon the experimental data;

— determination of displacement velocities throughout a
mine working operation taking into consideration the identi-
fied displacements; and

— definition of the periphery displacements within diffe-
rent areas of the mine working depending upon time (the
stope advance).

The purpose of research is the development of a mathe-
matical model to forecast rock displacements around the
development mine workings taking into consideration min-
ing, geological, and engineering conditions. Such a model is
required to optimize support parameters; select correct ge-
ometry of mine workings; and develop procedures for mini-
mization of breaking zones. The paper proposes theoretical
approaches and experimental substantiations which formed
the basis of KMS-I1I software for numerical simulation. The
program helps assess rock displacements and develop recom-
mendations as for border rock mass stability improvement.

The carried-out research relies upon the data obtained
while mining coal seams of Saranskaya mine (Karaganda
coal basin) which emphasizes its applied nature. The model-
ling and experimental results may be used to develop scien-
tifically grounded solutions concerning rock displacement
decrease under the conditions of large mining enterprises in
Kazakhstan as well as in other regions having similar mining
and geological environment.

2. Mathematical model

Displacements of border mass rocks are rock pressure
manifestations observed from the mined working. Finite
values of rock displacements in mine workings Usun consist
of elastic U; and non-elastic U, deformations:

Usum:U1+U2- (1)

Elastic deformations are defined through [11] and [12]
Formulas:
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X, V, X, and ¥, — vectors of active displacements and
their projections on coordinate axes;

w1 — Poisson ratio;

v — kinematic viscosity, N/m?;

u — deformation velocity, m/day;

A — horizontal stress coefficient, r;

6 — polar point coordinates.

Non-elastic rock deformations within the final condition
zone are defined using Formula [23]:

S,
Uy =P—W(Kdef —1): ®)
where:

S, — area of conditional zone of non-elastic deformations, m?;

Pw — mine working perimeter, m;

Kuet — rock fragmentation degree within the out-of-limit
deformation area.

The area of conditional zone of non-elastic deformations
depends upon physicomechanical rock characteristics as well
as stress-strain state of rock mass; in the neighbourhood of a
mine working, it is defined using following Formulas:

— stresses in the undisturbed rock mass (4);

— extra stresses generated by constructed mine working (5);

— the total of stresses acting in the rock mass (8) [12]:
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where:
o1 — principal vertical stress, MPa;
A — horizontal stress coefficient, r;
6 — polar point coordinates.
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X + 1Y —resultant vector of the forces acting in the rock

mass (the final value);
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Fx + iFy, 01, 02 — principal stresses, MPa;
a — principal direction angle with Ox axis.

) o, & o & 1),
-G g e )

(Co —? —cpd — et —0455)
Dy (5)— pnl(%j-‘rCng —
m(&) —(cof+ol§3 +CpEt +6ge° +c4§6)><

s 2 o
& ¢

Xy (§)+£c1+2%+

o’ :P+%(O'1+O'2);

e :%(GZ_Gl)GZia;

1 a 2a, an

n(&) =& +2c,2 +3c3& +4cy ;

m(¢) =& — 1% — 20,62 ~3c3¢ ~Acy,
where:

& —relative deformations, m;

Co, C1, C2, C3, and ¢4 — constant characterizing conditions of
a mine working operation, i.e. development pattern of mi-
ning, shape and geometry of the mine working, arrangement
towards the elements of the seam occurrence, and physi-
comechanical characteristics of enclosing coal mass;

ai, az, and az — constants under algebraic manipulation;

P — hydrostatic pressure in the mass, MPa;

pn-1 — series of changes in displacements;

m (&) — coal seam thickness impact on a displacement value.

Composite stresses are determined while summing
up initial substance state and stresses generated during
mining operations:

o =0l +olY
op =0+l (8)
0,0
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While identifying stresses in a random rock mass point,
we will obtain matrix of points with their values. A zone of
non-elastic deformations (creeping [23]) is defined; within
the mentioned area, it is defined through rock fragmentation
and displacement at the expense of dilatancy.

The strength condition, developed by L.Ya. Parchevsky
and A.N. Shashenko, has been applied to determine the area
of rocks being under non-elastic condition [23]:
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where:
o1 > 03 — principal stresses, MPa;

w =R, /R, —rock tensile strength-uniaxial compression

strength ratio, MPa.

Rock mass integrity is disturbed within the non-elastic
deformation area; microdefects arise growing into mac-
rocracks. Expansion of the deformations results in the in-
creased rock volume, i.e. dilatancy which level is an order of
magnitude more than displacements caused by elastic defor-
mations [23], [24]. The abovementioned is the key reason of
rock displacements in the border part of mine workings with-
in the area of acting rock pressure [26].

According to research [25], fragmentation degree is
1.1-1.18 within the unsupported mine working periphery.
Timbering decreases significantly the displacements
involved by decrease in rock fragmentation degree:

2( Sy
Kget = K 5(—} (10)

where:

Sw — rock section area of a mine working, m?;

S, — supported mine-working area in the clear, m?;

K — coefficient taking into consideration the support
availability, K=0.18 — 0.08-(P/100);

P — bearing capacity of the support, t-f/m2.

Fragmentation degree decreases along with the distancing
from a mine working periphery owing to the rock pressure
decline. If the supposed non-elastic deformation zone is less
than 0.5 m, then a fragmentation degree drops by half [23].

A mine working periphery displacement is approximated
by means of a logarithmic function [27]:

Uy =bg In(t+1); (12)
__ Y

= (1) 12

where:

bo — coefficient characterizing displacement intensity,
mm/day defined relying upon the results of field studies
performed during the first month;

t — time, days.

To define by, observation stations are installed on the first
day for observation of deformation onset; however, rather
often such a task turns out to be not always possible from
engineering viewpoint. Hence, to exclude inaccuracy, no less
than three observation series should be implemented:

Ut+U0 :boln(to +1+t), (13)

where:

Uo — displacements before observation stations are
installed, m;

to — period from the moment of the mine working cavity
formation, days.

The combined solution of equations resulting from results
of the three measurements factors into the transcendental
function as for to:

U=l _,.
Uz -Up

A
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tz +t0 +1 t1+t0 +1,
if 4 =1 then:
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Bt
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Coefficient by value depends upon the ultimate dimen-
sions of a limit state zone; it may be identified based upon
generalization of the available experimental observation
materials concerning displacements of mine working peri-
pheries. In this regard, to compare with permanent workings,
analytical definition of rock mass displacements in the
neighbourhood of development workings is complicated due
to following factors:

— insufficient accuracy of stress concentration determina-
tion within a bearing pressure zone;

—time limitation of a mine working being in the maximum
stress zone within the mine working neighbourhood preven-
ting from the use of the finite maximum displacements.

Displacement velocities of the peripheries of a mine
working depend upon stress degree of rock mass; its neigh-
bourhood; and physicomechanical characteristics of the rock
mass. Calculation of the development mine working periph-
ery displacements should involve their velocities resulting
from changes in mining conditions.

3. Methodology

When a mine working is driven through a coal seam with
a stable roof and floor, displacements of the working walls are
to be considerably superior to the floor and roof displace-
ments, which depend only upon elastic deformations of the
floor and roof as well as upon general shift without fall. Mine
working wall displacements include following components of
changes in rock volume within the mine working walls:

— Uz component at the expense of change in the floor and
roof convergence level within a zone where acting stresses
are less than natural ones defined through the Formula:

2 2

oy =yHcos” a+AyHsin“ «, (15)

where:

o — formation dip, degrees;

J — horizontal stress coefficient;

— U, component stipulated by rock dilatation within non-
elastic deformation zone.

In the context of a mining operation schedule (on one
side, a mine working is with rock mass; on the other side, it
borders on the mined-out area), displacements from floor and
roof are defined on the line with the caved rocks. Displace-
ments of the periphery of a mine working from rock mass are
identified using the Formula:

Vznd 'Kdef

m

, (16)

where:

Vaud —Vvolume of non-elastic deformation zone per a
meter of the mine working, m?;

m — seam thickness, m.

The considered approach is correct for the case when on-
ly a coal seam through which a mine working is constructed
is under deformation. Most commonly, both coal seam and
enclosing rocks around development mine workings expe-
rience non-elastic deformations. Under the conditions, dis-
placements resulting from the main roof and floor conver-
gence (if only they do not transit to out-of-limit deformation
stage) are considerably less than displacements resulting from
dilatation of rocks in the area of non-elastic deformations.
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Displacements of the mine working peripheries are calcu-
lated using the maximum stresses generated within area of
their location during a stope advance. In this regard, the
hardest stage is to take into consideration the period of the
maximum stresses connected with advance velocity of the
stope, and distance from the seam being mined.

The most general principle to calculate displacements of
development working periphery is definition of the two pre-
viously described components of changes in rock volume
within an area of mine working influence: 471 component
stipulated by elastic rock extension in a zone of the decreased

1
average stress value o= 5(al +0,+03), and 4V2 compo-

nent stipulated by rock dilatation in a zone of non-elastic
deformations. Average value of peripheral displacements is a
partial of the rock volume increment division in a zone of a
mine working influence by its perimeter L [25]-[27]:
AN -,

3 .

The finite displacements for different levels of stress-
strain state of rock mass are defined using the Formula [23]:

U 17)
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UO =U1+U2 =R—L Kdef Rg (18)
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2 2R(

Rock displacement within the periphery share of mine
workings may depend upon following factors: rock dilatancy
and increase in its volume during breakage; stratification;
and bend of the formed rock consoles. Rock convergence
decrease or exclusion in a mine working roof for the last two
reasons may be achieved through correct selection of means
and timbering parameters. It is more complex to identify and
decrease rock displacements in the neighbourhood of a mine
working connected with rock dilatancy.

Rock dilatancy depends upon the two reasons: for-
mation, accumulation, and consolidation of microcracks;
and transition of adjoining surfaces of integrity mac-
rocracks relative to each other. Moreover, the latter mecha-
nism of rock dilatancy prevails. In the context of practical
calculations to define displacements of a border rock mass
in the limit area, fragmentation degree may be equal to
1.001-1.005 if rock transition into out-of-limit condition is
excluded; otherwise, K, = 1.04-1.1 [28], [29].

Strain is considered as a two-stage process. Stage one
(preparatory) is characterized by joint and dislocational
phenomena identifying translational (preliminary) defor-
mation which varies material structure. It defines the envi-
ronment when microcracks originate, and their clusteriza-
tion up to critical size cracks. The area limited by a rectan-
gle in front of a crack tip (Fig. 1), define the possibility of
viscous mode of its propagation. Stage two (brittle) pene-
tration of a crack takes place along directions 2 and 3 of
maximal shear stresses. In this case, concurrent defor-
mations depend mainly upon instability of dislocations.

As a result, crack growth is the most probable because
dislocations from sliding surfaces of neighbouring grains
inflow into it; however, other mechanisms of a crack exten-
sion cannot be excluded.
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Figure 1. Two modes of crack propagation: 1 — viscous; 2, 3 —
brittle; a — depth; d — crack geometry

2

In general, fracturing process at the stage of accelerated
crack growth (preliminary fracturing stage) can be represen-
ted as follows (Fig. 2). Dislocation breakaway and movement
at an initial stage factor into structural transformation of the
material at mesoscopic and structural levels in terms of defects
being available in it before the loading. Dislocations converge
to the chambers (Fig. 2a); their blockage due to obstacles
results in elastic energy accumulation within the zone. The
abovementioned favours formation of critical dilatons within
the top of defects being available in the body (Fig. 2b).

(@)
~
~
~

—

<
<
<

~
<

Figure 2. Scheme of microcrack growth at a preliminary fractu-
ring stage: (a) accumulation of dislocations near the de-
fect top; (b) critical dilaton formation; (c) crack exten-
sion after the dilaton disintegration

At the moment, the crack periphery is defined like a con-
tour of a structural defect continued in the undisturbed part of
the material in the form of the critical dilaton. Under the
effect of thermal fluctuations, the critical dilatons decompose
explosively forming initial cracks; merging with previously
existing defects, they stretch them out (Fig. 2b). While ex-
ploding, dilaton provokes release of dislocations from impu-
rities; in such a way, stress relaxation takes place.

Consolidation of border rocks (i.e. grouting, chemical
strengthening etc.) gives rise to increase in their strength, and
factors into decrease or elimination of breaking zones near a
mine working. If the prepared rock mass strength is higher
than stresses acting in border mass then no disintegration
takes place, and dilatancy is excluded.
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The described above mathematical tool to forecast
the expected displacements has become the basis for soft-
ware program KMS-III (displacement simulation complex
for mines) (Fig. 3).

Input of mining, geological, and engineering conditions
required for mine working construction

Validation of the input
parameters

Identification of stresses around the mine working
(in front of a stope; within overworking zone; and residual bearing pressure)

!

Calculation of the zone of non-elastic deformations around the workings
based on experimental data

!

Summation matrix of elastic and non-elastic deformations

!

Determination of the mine working periphery displacements
taking into consideration a degree of fragmentation and dilatancy influence

'

Graphic representation of a mine working section with an outline
of the forecasted displacements

Figure 3. Functional diagram of KMS-II software program

The program performance starts from the input of coeffi-
cient parameters and constants applied for computation, and
initialization of interface part of the software. Next step is
interactive data input with control of allowable values and
data correctness.

Following criteria are introduced as the initial data:

— mining depth, m;

— volume rock weight, kKN/m?;

— geological section of the working being constructed in-
cluding thickness of layers, and physicomechanical charac-
teristics of corresponding layer (i.e. compression strength,
tensile strength, adhesion factor etc.);

— inclination of rock layers, degrees;

— sectional shape of a mine working and its geometry, m.

Simulation of strain state of rocks within the heteroge-
neous mass using rheological model and identifying support
parameters in stopes, development mine workings, permanent
mine openings etc. is only possible if geomechanical condi-
tions of mine working driving and timbering are taken into
consideration as well as influence by mining, geological,
engineering, and technological environment [30], [31]. Mi-
ning schedule being depth; vertical and horizontal loads; and
Poisson ratio is also important [32], [33]. Such mining and
geological conditions of rock mass as a layer characteristic;
ordinate of the layer roof; adhesion factor of corresponding
rock layer; internal friction angle; uniaxial compression
strength; tensile strength; and inclination of layers to the hori-
zon were taken from scientific sources [34], [35]. Mining
depth is 800 m; vertical load is 10 kN/m?; horizontal load is
10 kN/m?; section of a mine working is rectangular; top (bot-
tom) width is 6.0 m; and height of the mine working is 4.0 m.
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4, Results and discussion

Numerical simulation of the expected displacement was
considered in terms of the eastern ventilation slope 50 ki of
Saranskaya mine ArcelorMittal Temirtau UD JSC. The mine
working is at 428-554-m depth; angle is 10°; extension is
630 m. The total seam thickness in the construction place is
4.65m. kip seam is of a complex structure. It consists of
9 coal benches with 0.05-1.17-m thickness; they are separa-
ted by interlayers of carbonaceous argillite and argillite with
0.01-0.04-m thickness. kio seam belongs to a class of seams
prone to sudden coal and gas outbursts from 300-m depth. The
seam is gas-and dust-hazardous; it is prone to self-ignition.

Sandstone (m = 23.7-29.56 m; f = 60 MPa) occurs in the
main roof. Immediate roof is represented by argillite which
thickness is 1.24-2.09 m (f = 25 MPa). False roof consists
of carbonaceous argillite and argillite which thickness is
0.45 m (f = 15 MPa).

Acrgillite with 5.25-6.35-m thickness (f = 20-25 MPa) oc-
curs in the seam floor; the mineral is unstable and prone to
heaving. The expected water inflow will be up to 5 m%hour.

Bolting with 0.8-m interval is applied to support a mine
working. The number of rockbolts per 1 m of the mine wor-
king, i.e. 12 are in roof and 6 are in walls.

Following expected displacements of the border rock
mass have been obtained with the use of KMS-III software:

—200-300 mm in the roof;

—500-650 mm in the floor;

—150-200 mm in the walls.

To compare the simulation results and actual displace-
ments, observation stations were installed on survey marks
IIK10, 18, 21, 32, 52, and 59 along with a stope advance.

Analysis of displacements from a right side (Fig. 4)
shows that intensive deformation stage takes place during the
first month from the moment of observational survey point
installation. For the first month, displacement value was
7 mm. Following months did not demonstrate any displace-
ments. Within a right side of the mine working, intensive
displacements of border mass rocks were observed during the
first month. The maximum displacement values were 3 mm.
No displacements were observed for following months.

18

Displacement, mm

Time interval, day

Figure 4. Displacements around the mine working: 1 — right side;
2 — left side; 3 — floor rocks; 4 — roof rocks

Displacement dynamics of the roof rocks of a ventilation
slope (Fig. 4) shows that all the displacements took place
during the first month. Following months demonstrated de-
crease in the displacement intensity down to a complete stop.

The maximum displacement values were not more than
3 mm; hence, the selected support parameters are efficient.
Soil heaving analysis showed that for the first month, the
maximum displacement values did not exceed 10 mm. Fol-
lowing month demonstrated decrease in the intensity; the
maximum displacements were not more than 4 mm.

The obtained displacement values can be explained by
the availability of unstable and prone to heaving argillite in
the immediate floor; the mineral thickness is 5.25-6.35 m
(f =20-25 MPa). On the whole, analysis of the displace-
ments across all survey marks more or less demonstrate
their general nature; in addition, they are similar to
the considered pattern.

Displacement calculation of a border rock mass where
rock bolting was not applied, showed coincidence of the
obtained results with the observed ones; standard error was
+7.2%. Consideration of the calculation results in compari-
son with actual ones for a site where rock bolting has been
installed, helps understand that values of the forecasted dis-
placements are an order of magnitude more than actual
amounts. Hence, rock bolting availability reduces the ex-
pected displacement by several times.

If rook bolting is installed then roof displacement intensi-
ty is 8 mm, i.e. bp = 2.33 mm/day. If 300 mm are assumed as
the maximum expected monthly displacement then the dis-
placement intensity should be 87.36 mm/day. Consequently,
rock bolting operation decreases displacement intensity by
almost 40 times.

Taking into consideration the number of rockbolts as
well as their bearing capacity, it is possible to derive
dependence between displacement values of bolted and
unbolted mine working:

Ugp = AbgU (19)

pe
where:
Abg = b 1b84C —ratio between actual and calculated

displacement intensities or decrease in displacement intensity
owing to rock bolting availability.

In turn, decrease in displacement intensity can be repre-
sented criterially as follows:

Abg = f (Pyoits Noolt ) (20)

where:

Puoit — bearing capacity of rockbolts, t;

Nooit — NumMber of rockbolts, pieces.

To identify the dependence between displacement inten-
sity and bearing capacity of a support, further research
should be carried out where bearing capacity of a support
will vary, and displacements will be defined for each case.

Comparison of analytical values with data obtained
numerically, it is possible to draw a conclusion on
their repeatability:

— error of displacement calculation in a roof between full-
scale measurements and analytical ones is about 2%;

—error of displacement calculation in walls between ex-
perimental numerical and analytical data is about 6 %;

— displacement in floor obtained analytically are 2.8 more
than displacement obtained under full-scale conditions.

The results of numerical simulation concerning displace-
ment and failure of mine working periphery are represented
both graphically and textually (Fig. 5).
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147220
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Figure 5. Sample report on the calculation results: (a) scheme of
failure and displacement peripheries; (b) explanations
of the calculations; 1 — roof rocks; 2 — elastic defor-
mation zone; 3, 4 — non-elastic deformation zones in the
mine working roof and walls; 5 — mine working cavity;
6 — floor rocks; 7, 8 — operational and initial peripheries
of the mine working

The obtained analytical displacements are: 0.272 m for
roof; 0.276 m for floor; and 0.236 m for walls.

To identify the influence of various factors on the pro-
gress of rock layer displacements of a border rock mass
around development mine working, it is possible to apply a
numerical experiment with the help of software for dis-
placement modelling.

Comparative analytical and experimental assessment of the
rock mass stress-strain parameters near mine workings in-
volved an analysis of displacement progress of a border for-
mation depending upon the mining and geological conditions.

The key factor influencing displacement progress is rock
pressure, which depends on mining depth. The calculations
were performed for a single mine working driven in homo-
geneous rock mass where uniaxial rock compression strength
is 24 MPa being average for Karaganda coal basin. The mine
working is of arch cross-section; its width is 5.57; height is
3.55 m. Its depth varied from 400 down to 800 m (the depth
interval is for Karaganda coal basin mines). Figure 6, a
shows analytical dependence of the peripheral formation
displacements upon the mining depth. Horizontal stress coef-
ficient value has been assumed as 1.0.

Linear dependence has been defined for the considered
depth interval between the expected displacements of peri-
pheral formation from the unbolted mine working roof and
mining depth (Fig. 6, a) expressed through the Formula:

Ueyp =0.3093H —21.322 if r = 0.97. (21)

Rock strength, which varied within the values being typi-
cal for Karaganda coal basin (i.e. 10-40 MPa), was an
extremely important factor influencing displacements of
peripheral formation of a mine working.

Exponential dependence of the peripheral rock mass upon
strength has been derived:

Uexp =1294.4¢ 01997 if r = 0.97, (22)

Figure 6 demonstrates the obtained dependencies of rock
displacements of the peripheral rock mass from a roof.

(@)

250

200

n
(=]

=
(=)

Displacement, mm

n
(=]

0
400 500 600 700 800
Mining depth, m

(b)

400
300

200

Displacement, mm

100

0
0 10 20 30 40

Rock strength, MPa
Figure 6. Dependence of the peripheral formation rock displace-
ment from a roof: (a) upon mining depth; (b) upon
uniaxial compression strength

The simulation results also emphasize the importance of
mining depth as the key factor influencing displacements. Li-
near dependence between the mining depth and peripheral
formation displacements (Fig. 6a) supports the idea that dis-
placements increase along with depth deepening which is stipu-
lated by rock pressure rise. In practice, it needs a specific ap-
proach to a support design for deep mine workings where rock
pressure impact is particularly important. Rock strength charac-
teristics have a significant effect on displacements too (Fig. 6b).
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The derived dependence shows that the minimum dis-
placements are achieved if rock strength is ultimate stressing
the necessity of rock mass strengthening.

Relying upon the research, it is recommended to optimize
support while increasing the number of rockbolts in the floor;
using support differing in high bearing capacity for the
stressed zones; strengthening peripheral formation by means
of cementation and chemical stabilization methods to prevent
heaving; and optimizing mine working geometry applying
arch cross-section and decreasing dimensions under high
pressure conditions. In addition, it is recommended to im-
plement systems of the automated monitoring of displace-
ments, and forecasting of the maximum deformation zones
with following use of local strengthening.

5. Conclusions

The research has helped conclude that deformation ace-
leration results in the increased rock strength as well as ac-
cumulated elastic energy. The abovementioned is favourable
from the viewpoint of reducing the probability of failure
zone formation in the neighbourhood of a mine working;
however, it may factor into dilatation if analytical stresses
surpass the rock strength. Even if failure zones originate
(which depends upon rock characteristics), it is required to
decelerate deformation to reduce dilatancy. It can be
achieved through the support installation right after outcrop.

Stress increase is defined by means of a mine working
depth: along with distancing from its periphery into the
depth, dilatancy probability drops owing to the reduced dis-
placement of adjoining crack surfaces. Moreover, it is possi-
ble to decrease dilatancy while selecting such cross-section
shape of mine workings, which will exclude concentration of
stresses and minimize their values.

Structural characteristics influence differently: strength
degradation increases failure zones and strengthening de-
creases the accumulated elastic energy as well as dilatancy
probability. Rock strength decline factors into the increase in
failure zones. In turn, plastic property improvement drops
elastic energy accumulation reducing the potential for oppo-
site crack surfaces to be displaced.

Strengthening of the peripheral formation rocks, using
cementation, chemical stabilization or other methods, increa-
ses rock hardness resulting in minimization of exclusion of
disturbance zones near mine working. If strength of the trea-
ted rock mass surpasses stresses acting in the formation then
failure is excluded, and dilatancy does not manifest itself.
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Mopae/roBaHHsI 3MillleHb BMilllyI0OUHX NOPil HABKOJIO MiATOTOBYMX FipHUYMX BHPOOOK
T. Oromina, A. XKymabekoa, H. Meney6aes, /1. Meiipawm, C. lllepybaes, 3. Aoapamesa, A. ['abiToBa

Merta. Po3po6ka Ta o0rpyHTyBaHHs MaTeMaTHYHOI MOJEII JUIs IPOTHO3YBAaHHs 3MIIlleHb TiPCHKUX MOPiJ HABKOJIO MiJrOTOBYMX TipHH-
YUX BUPOOOK Ta OMTHMI3aIlis CIIOCOOIB TX 3MilHEHHS.

MeTtoauka. BukopucraHo KOMIUIEKCHUH MiJIXif, II0 BKJIIOYAE YKMCEIbHE MOJCIIOBAHHS, TEOPETHYHUII aHATi3 Ta €KCIEepUMEHTANbHI
nociimkeHas. OCHOBHY yBary NpHIIEHO BU3HAUYEHHIO 3CYBIB TiPCHKHX TIOPiJ HA IMiACTaBl HAMPy>KEHO-1e(OPMOBAHOTO CTaHy MacuBy. s
PO3paxyHKiB BUKOPHCTaHO po3pobieHy mporpamy “KMS-11”, mo g03Bos€ MOICTIOBATH 3MIILIEHHS Ta aHANI3YBaTH OTPUMaHi IaHi.

Pe3yabTaTu. 3anponoHOBaHO peKOMEHAMIT OO0 3HIDKEHHS KoedillieHTa pO3MyIIeHHS (IUIaTaHCii) TipChbKUX TOPiM, IO AOCATAEThCS
32 paxyHOK KOPHTYBaHHS IMapaMeTpiB KPIIUICHHS, TeoMeTpii BUPOOKH Ta yHpaBiiHHS MIBHAKICTIO AedopmyBaHHA nopin. Ilokasano, mo
BUKOPUCTAHHS aHKEPHOTO KPITICHHS 3HAYHO 3HIDKY€E IHTEHCHUBHICTB 3MillleHb. BUsBIIEHO, 1110 3MEHIICHHS M1 MIITHOCTI MOPi NPU3BOAUTH
110 301NbIIeHHS 30H PYHHYBaHHS, TOJI SK MiJABUIIEHHS IUIACTHYHHUX BJIACTHBOCTEH 3MEHIIY€ HAKONMYCHHS NPY)XKHOI eHeprii, 0 3HIKYE
HMOBIPHICTD IIEPEMILIEHHS TIPOTUIISKHUX OBEPXOHB TPIlIUH.

HaykoBa HoBH3HA. P03p06ieHO anropuT™ NporHo3yBaHHs 3CyBiB KOHTYPIB MipHUYUX BUPOOOK 3 ypaxyBaHHIM TipHHYO-TEONOTIYHHX Ta
ripHUYO-TeXHIYHNX (akTopiB. [IpeacTaBieHo MaTeMaTHYHy MOZAENb ISl BU3HAYEHHS MPY>KHUX Ta HETIPY>KHUX AeopMaLiil y IPUKOHTYPHIH
30Hi. BcTaHOBIIEHO 3aIEKHOCTI MK 3MIIIEHHSAMH MPUKOHTYPHOTO MacHBY Ta TIIMOMHOI0 BUPOOKH, a TAKOK MIIHICTIO MOPIiJI.

IpakTnyHa 3HaYNMicThb. BH3HaUYeHHS ONTHMAaNBHUX ITapaMeTpiB 3MIHEHHS MOPiJ J03BOJISE MIHIMI3yBaTH 30HU PYHHYBaHHS, ITiJBU-
IIUTH CTIHKICTh TIPHWYMX BHPOOOK Ta 3HM3UTH HMOBIPHICTH HEOE3NEYHHX T'€OMEXAaHIUYHHX SIBHIN 3aCTOCYBAaHHS 3alPONOHOBAHOI MOJei
3abe3mneuye miABUIICHHS epEeKTHUBHOCTI TipHUYHUX POOIT 32 paxyHOK O1IbII TOYHOTO MPOrHO3YBAHHS 3MilllEHb.

Knrouosi cnosa: niozemna pospobka, eipnuyi GupoOKu, KpINAeHHS, 2e0OMeXaHiuHi npoyecu, aHKEpHe KPINieHHs, HanpyjiceHo-
Odeghopmosanuil cman, 2ipcoKuil MUCK, 3MIWEHHS NOPIO
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