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ABSTRACT

Purpose. To develop analytical model for a support-enclosing rock interaction to determine parameters for opera-
tional stability of deep mine workings while decreasing metal consumption and increasing efficient use of resources.

Methods. Involving various strength degradation functions and variations of physical and mechanical properties of
rocks, mathematical modeling is used to consider the ranges of force action of a support on the enclosing rock mass
of deep mine workings.

Findings. Analytical dependence of a support effect on the rock border displacement as well as on the changes in
cross section of the mine working has been obtained. Effective interval of the support force resistance to block limit
zones of the rock mass deformations has been substantiated. Innovative approach relying on the priority of the sup-
port working capacity as well as its forming characteristics has been proposed. The results of the studies help regu-
late the use of available supports, and the development of new designs meeting the increased geomechanical
requirements of deep mining.

Originality. It has been determined for the first time that 150 — 250 kN/m? interval of a support resistance is the
most efficient and achievable; while mining deepening (more than 1000 m), a support resistance achieves
350 — 400 kN/m?. Higher values are not practical.

Practical implications. The results of the studies help regulate the use of available supports, and the development of
new designs meeting the increased geomechanical requirements of deep mining and to determine the required
parameters of both force and deformational characteristics of supports making.

Keywords: mathematical modeling, physical and mechanical properties, support of mine working, enclosing rock

mass, resistance of a support

1. INTRODUCTION

The development of “support —rock mass” interac-
tion system is driven by a requirement for the reliable
forecasting of stability of mine workings as well as for
the allowable limits determining reaction pressure of a
support on a value of rock displacements (Baranowski &
Lugovoi, 2008; Elmo & Stead, 2010; Gaidachuk, Ko-
shel’, & Lugovoi, 2011).

Convergence of calculation data with experiments
concerning the use of the supports having related work-
ing characteristics are the criterion of the model accord-
ance with actual conditions (Carranza-Torres & Fair-
hurst, 2000; Kononenko, Petlovanyi, & Zubko, 2015).
Consideration of real values of the support efficiency
along with its stable resistance is the essential objective.
It is expedient to solve the problem in the context of al-

lowable limits of the support actual effect on the value of
finite displacements and estimation of the results — in the
context of initial assumptions effect on the actual nature
of the process physics.

The most important moment is the mechanical
strength of the rock mass within a limit zone which con-
sideration makes it possible to single out the three groups
of calculation schemes:

1) according to its properties, a medium of the limit
zone is identified with ideally flowing one; in this con-
text, rock properties are taken up as similar for any point
of the limit zone;

2) according to its properties, a medium of the limit
zone corresponds to flowing medium with adhesion; its
properties are also similar for any limit zone; however,
its adhesion value differs from zero;
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3) adhesion within the limit zone is taken up as a var-
iable, and its value for each point of the limit zone is
determined by means of strength degradation function.

While selecting a type of deformational strength deg-
radation, the assumed function is quasi-similar to out-of-
limit deformation diagram leg in the context of compli-
cated stress state (o3 # 0) and, being undefinable, it should
satisfy the two basic requirements: be continuous, and
correspond to border conditions within external boundary
of the limit zone as well as within its internal boundary
(Stovpnyk, Borodai, & Kravets, 2011; Stovpnyk, Han,
Zahoruiko, & Shaidetska, 2017).

As additional conditions, it is assumed that in the
context of low values of wall pressure within boundary
share of the limit zone (o — P), disintegration of mate-
rial and its behaviour are followed by volumetric defor-
mation, and deformational strength degradation with
brittle failure prevailing (Stovpnyk & Osypov, 2017).

The effect of the increase in the support resistance
(p = 03) is implemented as a result of degree dilatancy
degree reduction (&) as well as mobilization of the
residual strength of disintegrated part of rock mass
neighbouring the border.

It is possible to subdivide the available geomechani-
cal solutions as follows:

— at the site of deep single mine working located be-
yond the area of mining influence as well as within a
zone of front abutment pressure (up to the longwall
“window”), a mode of interacting deformation is imple-
mented in the context of rather heavy dependence of dis-
placement value on the support working resistance; final
balance the “support — neighbouring part of the rock mass”
is achieved when the support resistance value is proper;

— effect of mining operations disturbs external limit
balance on the line of limit disintegration zone and undis-
turbed rock mass being under the limit state one; due to
the system balance disturbance, radius of the limit zone
increases together with displacements within the mine
working border as well as their velocity;

— generally, a new state of limit balance within a zone
of front abutment pressure of a longwall is not achieved as
the process is temporal; thus, the required support strength-
ening just decreases displacements down to a value provid-
ing necessary conditions of the mine working operations
until the moment of its abandonment after the longwall
advance; rate of advance determines a degree of cross-
section reduction during the influence of geodynamic zone.

It should be noted that the idea of limit balance does
not imply absolute attenuation of displacement; thus, it
can be characterized when displacement velocity drops
from its initial values being several dozens of millimeters
a day down to less than 0.2 — 0.5 mm/day. Within a zone
of front abutment pressure, the displacements may near
the values if only the zone obtains its final extension, i.e.
after the longwall stoppage.

Consideration of the approaches makes it possible to
apply the following (Hudson & Harrison, 2000; Jing,
2003; He, Xie, Peng, & Jiang, 2005; Jaeger, Cook, &
Zimmerman, 2009; Brady & Brown, 2013; Wittke, 2014):

—in the context of extended mine working it is expe-
dient to consider weightless plane as an initial state. The
plane is weakened by a cut which form corresponds to a
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cross-section of a mine working with remote stresses
being equal to stresses within undisturbed rock mass in
the central part of a future mine working (A.L. Dinnik,
A.V. Morgaevski, G.I. Savin);

—in the context of deep mine workings initial stress
state may be assumed as hydrostatic (K.V. Ruppeneit,
Yu.M. Liberman, M.A. Dolgikh, P. Mindlin and others);

— within the areas of the highest stress concentration
in the neighbourhood of a mine working border, active
stresses may exceed rock strength limit; in this context,
brittle failure is a predominant type of rock deformation
being typical for coal deposits (G.N. Kuznetsov, A.D. Pa-
nov, K.V. Ruppeneit, Yu.M. Liberman and others);

—in the function of limit balance of rock which de-
formations are followed by their brittle failure, it is pos-
sible to be limited to the consideration of rectilinear in-
clined compound curve since in the context of initial
hydrostatic stress state, normal stresses acting within the
mine working boundary are always situated behind the
circle of uniaxial compression; upon that, consideration
of differences in locations of compound curves for dis-
turbed rocks and undisturbed ones is mandatory
(A. Labass, K.V. Ruppeneit, Yu.M. Liberman and others);

—in the context of calculations concerning a mine
working which form of cross section differs from circular
one to simplify data, the substitution for equivalent circu-
lar cannot introduce significant error into final results;
maximum difference of the latter is not more than 10%
(K.V. Ruppeneit, M.A. Dolgikh);

— currently, it is possible to consider the effect of ani-
sotropy of real rocks on the displacement and distribution
of stresses around a mine working (S.G. Lekhnitski,
AN. Zorin, M.I. Rozovski); however, if analytical stud-
ies are meant, the idea to consider anisotropy of real rock
masses in terms of empirical coefficients is the most
reasonable; moreover, since analytical studies of such a
type should be performed together with a field experi-
ment, its numerical value may be obtained according to
the observation results.

Thus, there is abundance of experimental data for sub-
stantiated selection of a type of functions of deformational
strength degradation within different points of limit zone
and to reduce the number of functions, taken for the anal-
ysis in terms of the specified calculation technique.

2. CALCULATION MODEL OF A BORDER
DISPLACEMENT AND DETERMINATION
OF PRESSURE ACTING ON THE SUPPORT
OF A MINE WORKING

Since volumetric deformation (i.e. dilatation in the
process of pseudoplastic deformations) is the basic factor
determining final value of displacements in terms of rock
border of a mine working, the use of a known condition
of plastic potential is necessary:

Ep Z/I; £, =—ﬂ{l+%j,

df, .

where:
A — arbitrary parameter;
f—plasticity function describing rock behaviour

flo,) =06 =0
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Since, effect of a support resistance on the value of
final displacements of a mine working border of cross
section is in large part determined by a type of a function
of distribution (strength degradation), the development of
the mathematical model should involve the three relevant
functions: exponential, rational, and hyperbolical.

Consider rock mass assuming it as homogenous isotropic
medium where both elastic and nonelastic deformations
arise after the development of a mine working (Fig. 1).

Figure 1. Design model for elastic and nonelastic defor-
mations calculation

Mainly, nonelastic deformations are represented in
the form of pseudoplastic brittle deformations. Round
mine working is located at rather large distance 4 from
the surface and stress state is of hydrostatic type (Pois-
son’s ratio is v=0.5), i.e. axisymmetric plane problem is
under consideration.

Introduce following symbols:

C —a circle with 7 radius U(OM — ON = OR — OS = U);

C, — a circle with 7y radius (ro = OM = OR);

C; — a circle with 7, radius (v, = OK = OR).

Mark a zone of pseudoplastic deformations A within
the specified plane A4 (4 is a zone between C, and C;
circles); a zone of elastic deformations B (B is a zone
located beyond the Cs circle); zone D (D is a zone be-
tween C; and C; circles) characterizing the cross section
decrease by the time when final balance of “support —
rock mass” approaches.

Support displacements are determined with the help
of the value:

U= OM - ON (or U= OR - 0S), @)

where:

ro — the radius of a circle of a mine working to which
uniformly distributed pressure P is applied.

Find a change in relative area of the failure zone, i.e.
area of zone D classified as a part of a circle area with ry
radius. It is obvious that since area of S circle with R
radius is equal to wR?, then area of zone D is equal to

7 (ro> — (ro— U)?), i.e.:
45 _ = (n-U))_Ur-v)

3)

S m 2 % 2
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2.1. Determination of stresses
Plasticity equation within 4 zone is:

Op =0, =00, +Rstf(r)7

4)

where:
o, — radial stresses;
o0 — tangential stresses;
o =2sin ¢1 / 1 —sin ¢, Ry — maximum rock strength;
f(r) — function approximation dependence o / Ry:.
Balance equation takes place for o,, gy values:

do, o0,-0
89r L Or7 %0 _ .

dr r )

Specify radial deformations and tangential defor-
mations by means of ¢, and &y respectively. Then, com-

patibility condition of deformations within 4 zone is:
de, LEo—&r

dr r

=0. 6)
It should be pointed out that at infinity (if » — + ),
normal stress components are equal to each other; 79 = 0:

(7

Interpretation of formula (4) is that strength pro-
perties of material (rock) may be described with the
help of rectilinear compound curve of stress circles:
7=0tg ¢1 + K, where ¢, is friction angle.

Write down formula (4) in another way:

Oy — 0, :l//(o-r); l//(o-r):a20-r +Rstf(r)'

O,=0g=M.

®)

Then, using properties of zone 4 and a condition of
plastic potential, following formulas for ¢ and &y defor-
mation can be written down in the form of:

£o=A: £, =—z(1+d—“’j.

dr ©

In view of ratio two from (8) for ¢, from (9) we get:

), 0 (r)j‘

10
dr dr (10)

£. = —ﬂ(l + Ry,

While integrating equations (5) and (6) in which
specifications (8) are introduced, we will use boundary
conditions:

0,=0g =M, ifr=o0;

)
(12)

o,.=P,ifr=r,

where:
P — the support resistance with p = const characteristic.
In Figure 1, 7, means a value characterizing radius of
circle Cs separating elastic zone B and failure zone 4.
In view of continuity it is necessary to assume that:

O_ﬁA) _ O_’(B)’
el = £(8); ifr=r (13)
o) ofP i
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For a function f{r) shown in Figure 1 by means of
separated line, following equalities hold true:

flry)=05 £l )=1. (14)
In addition, we consider implying:
. Ry,
o, =(l—sm(p1{;h— 25 j (15)
Insert expression (7) in formula (4):
4% _ 0, %r iR, 1) (16)
dr r r

Equation (16) is a differential first-order equation.
Hence, we will seek its solution with the help of a meth-
od of variation of arbitrary constant. First consider the

o, _

homogeneous equation

o .
o, —=, or, representing
r

. c
it in another way —F

dr .
= oy — , we obtain:
, r

do,

'[O'

= azj% —o0,=Clo,)r*.

(17)
-

The above formula is required to seek a solution for
nonhomogeneous equation (16). While replacing o, from
equation (17) to equation (16) we obtain:

dC(O_r):Rst f(l")’ o :1+S?n¢1 ) (18)
do, r* 1-sing,
Equation (18) gives ratio for C(o;):
C(o,)=Ry[r™™ f(r)dr+C, (19)

where:
C — arbitrary constant.
Basing upon (17) and (19) find general solution for
equation (16):
o, =r% (RS, 7 £ (r)dr + C). (20)
Using boundary condition (12), we obtain final for-
mula from (20):

o, =r®| Ry fr r=® f(r)dr + P 1)

o
o ?
If availability of integral in formula (21) is taken into
consideration, then function o,(r) is a function of upper
limit of an integral as well.

2.2. Determination of deformations

Inserting expressions (9) and (10) in differential
equation (6) we get:

.
L2 P Ry ) -0, 22)
dr r a,0, +Rstf(r) dr
where:
B 2
1-sing

22

It is not difficult to demonstrate by means of direct
differentiation that solution of the equation (22) is:

*

C

) =
where:

C" — arbitrary constant.

Using &y = v and &, = il_U formulas, where
U(r) - movemen‘:, and formula (23r), determine:
ulr) ¢ (4)

" oo, + R 1)

Apply boundary condition taking place if » = r; to de-
termine a constant C”.

Displacements within zone B are identified with the
help of the expression:

2
1+v M 7
U(B)ZT'T; MZO(L(OUZW"'RSI)' (25)
2

Hence, the C* constant in (24) formula can be found from
the equality condition of radial movements (24) and (25).

Formulate the results of the transformations under the
condition that zone 4 (failure zone) arises:

21 +v)ri (@ + Ry, )

U= 3
Ei’oaza3 P

(26)

where:

v — Poisson’s ratio;

E —Young’s modulus.

Formulate the problem using the abovementioned ap-
proach. Assume that function f{r) and parameters v, E,
Ry, P, ¢, 1o have been set. Then, the problem solution
involves two stages.

Stage one: in accordance with formulas (21) and (15)
we have the equality:

_ P
2| R Ik e r)dr +—— | =

0 , @27

with the help of which, r; value characterizing zones A
and B. Since, left side contains integral then it is possible
to determine 7;, using numerical procedure.

Stage two: after determination of r; all values of the
parameters are inserted in formula (26); thus, the move-
ment is being determined:

= (l—sin(pl{;'h— stt

2(1+v)ri (@ + Ry, )’

U= 3
Er0a2a3 P

(28)

Stage three: while using formula (3), we have a graph

of 4 function depending upon pressure:
s

4s _UQ2ry-U)
N

, (29)
3
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where:

U — a function of P.

Besides, such a numerical approach makes it possible
to determine qualitative dependences U(r), U(rr) etc.

3. RESULTS OF THE NUMERICAL MODELING

To perform a more comprehensive mechanical and
mathematical modeling, consider following classes of
function f{r) relative to (» — o) value.

3.1. Class one of f{r) functions
Define f{r) function in exponential form:

/()= Bolr=ro)'e"™

where:
fo — a constant being determined with the help of the

condition f{r;) =1, Sy =

(30)

—ry/
eVL rO.

(VL 1 )n
Thus, formula (29) is:

—VL/VO
e er/ro(r_ro)n’

flr)= 31)

(FL —1 )n

where:
n — a whole number.

It follows from formulas (27) and (31) that:

g(rp)=g20rp). (32)
where:
gilr) =1t r = (r=rg )" e" 0 (33)
_ n
e2) =20 (1-mg)
Rst
; (34)
_Rst 7 _L r/ry
X(}'h 2 jl”L raz e

Equation (32) is the equation to identify ;. It is con-
venient to solve it by means of graphoanalytical method
that is a method of g; () = g2 () functions construction.

After determination of 7, use formula (28) to define
U. Numerical experiment is demonstrated for the follow-
ing example:

h=1000 m; y=2.5 t/m%

E=1.5-10°t/m%* v=0.3;

Ry =4000 t/m? ro=2.5m;

n=2,3,4; ¢ =20°25° 30°

Table 1 shows results of the calculations.

Table 1. Results of the calculations for class one of f(r) functions

n=2 n=3 n=4
Parameter t/II)I’lz angle @1 angle g2 angle @1

20° 25° 30° 20° 25° 30° 20° 25° 30°
10 3.23 3.09 2.97 3.57 3.35 3.17 4.01 3.67 3.40
7L, m 15 3.20 3.07 2.96 3.54 333 3.14 3.95 3.63 3.35
25 3.17 3.04 2.93 3.48 3.27 3.09 3.84 3.53 3.27
10 3.27 222 1.55 4.01 2.61 1.76 5.06 3.12 2.03

U,m 15 2.16 1.46 1.02 2.63 1.71 1.16 3.27 2.03 1.31
25 1.27 0.86 0.60 1.52 0.99 0.67 1.85 1.15 0.75

s 10 90 98 85 63 99 91 — 93 96
—., % 15 98 82 64 929 90 71 90 96 77

s 25 75 57 42 84 63 46 36 70 51

3.2. Class two of f(r) functions

Assume that f{r) function is of rational type as a ratio
of polynomials:

)= Lolr=n)"

(33)
V02 + (}" ) )2
In accordance with f{r;) = 1, function (35) is:
1(r)= r + (g =np)? ) (r=rp)" (36)

(FL—Vo)n V02+(”—”0)2.

With the help of formula (36) rewrite equality (27) as
follows:

Gy(rp)= Gy (1),

where:

(37

%) _ n
il )= =),

g +(r—ro)2
n
rr — I
Gy(r)= (ZL 0) 21X (38)
Rst(’b +(r, —1p) )
X rL_a2 (l—sin(pl{}h—szj—%2
"o

Like in the previous case, equation (37) with symbols
(38) is solved by means of graphoanalytical method.
Table 2 explains results of the calculations.

3.3. Class three of f{r) functions
Define f{(r) in the class of hyperbolic functions:

f(r):M, n=23.;k=12..
e f

It is possible to determine £ while applying f{r) value
within 7z point: f{ry) = 1.

(39)
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Table 2. Results of the calculations for class two of f(r) functions

n=2 n=3 n=4
P,
Parameter i angle @1 angle @2 angle @1

20° 25° 30° 20° 25° 30° 20° 25° 30°

10 3.15 3.05 2.95 341 3.04 3.12 3.71 3.50 3.31
rL, m 15 3.13 3.03 2.94 3.39 3.03 3.11 3.68 3.47 3.28
25 3.10 3.01 291 3.35 3.00 3.06 3.61 341 3.22
10 3.10 2.10 1.53 3.50 2.10 1.71 431 2.84 1.93
U, m 15 2.06 1.40 1.03 2.41 1.42 1.13 2.83 1.88 1.26
25 1.20 0.80 0.59 1.41 0.84 0.66 1.64 1.08 0.73

As 10 — 97 84 — 97 90 — 98 94

- % 15 96 80 65 99 81 69 — 93 75

25 72 53 41

80 55 45 88 67 50

Then the formula is a consequence of (39):

- :(ri“""‘—rLy(. (V—Vo)n
1) (rp —rp)" (rinax—roy '

r™ parameter may be selected additionally (e.g. 271,
3I’L...I”L).

Value r; is being determined with the help of the
equation:

01(r) =0 (1)

(40)

(41)

Ol )=t r™ ™ renl g (42)

(er o —roy(

(FL —Vo)n
po e
X rL_D{2 (l—sin%{yh—%j—i

[2%)
o

X

0,(r, )=
(43)

Numerical experiment for (41) and (42) has been per-
formed when 7™ = 27, k= 1.

Table 3 demonstrates results concerning calculations
of parameters 7, U, and As/s.

Analysis of Tables 1, 2, and 3 obtained with the help
of numerical experiment shows that more detailed studies
are required when ¢ =30° as well as in the context of
the increase in the range of pressure values up to 55 t/m?.
Table 4 shows calculation results for all distribution
functions f{r) under study (cases 1, 2, and 3).

Table 3. Results of the calculations for class three of f(r) functions

n=2 n=3 n=4
Parameter ¢ /rr’12 angle g1 angle g2 angle @1

20° 25° 30° 20° 25° 30° 20° 25° 30°
10 3.17 3.06 2.96 3.46 3.29 3.14 3.81 3.55 3.34

rr, m 15 3.15 3.04 2.94 343 3.27 3.12 5.00 3.52 3.31
25 3.12 3.01 2.92 3.38 3.22 3.07 5.00 3.44 3.24
10 3.10 2.17 1.54 3.70 2.51 1.73 4.56 2.93 1.96
U,m 15 2.08 1.43 1.07 2.40 1.65 1.14 5.23 1.91 1.28
25 1.22 0.84 0.59 1.41 0.96 0.66 3.14 1.10 0.73

s 10 — 98 85 — 99 90 — — 95
—, % 15 97 81 67 99 88 70 — 94 76
s 25 73 55 41 80 62 45 — 68 49

Figure 2 demonstrates generally the dependence of U,
Ulry, and As/s parameters of the value of assumed resistance
of support P (if p = const characteristic is constant).

Relying upon the allowable values of rock displace-
ments corresponding to a value of pliability of supports
as well as to residual (required) area of the mine working
cross section, such interval of the support resistance as
150 — 250 kN/m? (being 60 — 120 kN/m? in the context of
standard arched supports) is technically the most efficient
and achievable one. Depending upon the mining deepen-
ing (H > 1000 m), the efficient interval P may expand up
to 350 — 400 kN/m?; further expansion is unreasonable.

Analysis the results of the model concerning the in-
teraction between force parameter of a support and dis-
placements of neighbouring rock mass involves the ne-

cessity to mention sufficient convergence of the obtained
theoretical results and the results of full-scale experi-
ments providing an opportunity to expect the develop-
ment of a new reference document specifying the prob-
lems of practical implementation of both available sup-
ports and the development of new ones corresponding to
complicated geomechanical conditions.

Mining deepening predetermined the necessity in the
innovative scientific approach developed by us. The
approach is based upon the significance of a performance
parameter of a support (Q) as well as characteristics
forming it — working resistance (P,) and structural plia-
bility (A) owing to common physical content of the pro-
cess as an activity providing the formation of “support —
rock mass” system: Q = P,XA.
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Table 4. Results of the calculations for all distribution of f{(r) functions

case 1 case 2 case 3
P : n=2 n=3 n=4 n=2 n=3 n=4 n=2 n=3 n=4
arameter t/m? angle g1 =30° angle g1 =30° angle g1 =30°
20° 25° 30° 20° 25° 30° 20° 25° 30°
5 2.99 3.20 3.45 2.97 3.15 3.35 3.01 3.23 3.50
10 2.97 3.17 3.40 2.96 3.13 3.31 2.99 3.20 3.44
15 2.96 3.14 3.35 2.94 3.28 2.10 2.97 3.17 3.39
1, m 25 2.93 3.09 3.27 291 3.07 3.22 2.94 3.30 3.11
40 2.70 2.80 2.81 2.88 3.01 3.14 2.90 3.04 3.20
55 2.55 2.48 2.50 2.84 2.95 3.07 2.86 2.98 3.11
5 3.14 3.60 4.17 3.09 348 3.93 3.18 3.66 4.30
10 1.55 1.76 2.03 1.53 1.72 1.93 1.57 1.79 2.08
U m 15 1.02 1.16 1.31 1.01 1.13 1.26 1.03 1.17 1.34
’ 25 0.60 0.67 0.75 0.59 0.66 0.73 0.61 0.68 0.77
40 0.30 0.41 0.49 0.36 0.39 0.43 0.37 0.41 0.44
55 0.19 0.20 0.21 0.26 0.27 0.30 0.26 0.28 0.38
5 99 92 — 94 84 67 92 78 47
10 85 91 96 85 90 94 86 92 97
ﬁ % 15 64 71 77 64 70 75 65 72 78
s’ 25 42 46 51 42 46 49 43 47 52
40 22 35 30 27 29 31 27 30 32
55 14 16 16 19 21 22 19 21 23
Um_ Uk, ; Asls, % 3. A zone of plastic deformation is characterized by
\iv s \ addquate hlterval " the fact that its dimension (r; — ro) in all modeling cases
/ despite the properties of material, remains to be within
100 = 04 \ 80 a meter or two being important physically and useful
\\ \ practically.
075 03 \ \ 60 4. The stated approach as well as the statement of the
\\\ limit bone** modeling problem made it possible to obtain general
L solution in the context of different types of strength deg-
0.50 = 0.2 N 40 radation function giving more accurate results to ap-
\ \\ proach the practice.
025 0.1 N \\\U 20 5. The obtained results help formulate reasonably the in-
\ U = itial requirements for both power and kinematic parameters
&. of supports belonging to a new technical level. Support
0 100 200 300 400 500 P,kN/m’ becomes operationally adequate when its resistance is with-

Figure 2. Effect of support P resistance of the displacement of
rock border U, U/ro and relative change in a cross
section As/s of a mine working: *adequate interval
of power resistance of the support; **limit zone of
rock displacement blockage

In this context, a parameter of limiting bearing capa-
bility of a support (Ps) is the determinant of the possibil-
ity to increase working support (P,) as well as the effi-
ciency of the design (Q).

4. CONCLUSIONS

1. Irrespective of approaches of mathematical model-
ing connected with the selection of distribution function
f(r), sufficient convergence of numerical results of
changes in r; and U values in the context of variability of
a support resistance has been obtained; the fact is illustra-
tive of the adequacy of actually covered process concern-
ing the “support — rock mass” system interaction.

2. Dependence of changes in 7, and U values is the
most suitable for both experimental and practical data if
n=2, ¢ =30°

in 150 — 250 kN/m?. Depending upon the mining deepening
(H> 1000 m), the efficient interval P may expand up to
350 — 400 kN/m?; further expansion is unreasonable.

6. Innovative approach based upon the use of a sup-
port performance parameter as well as forming character-
istics (i.e. working resistance and structural pliability)
has been proposed. The approach makes it possible to
design new structures for supports in mine workings.
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MOJIEJIIOBAHHSA B3AEMO/I1T KPIIIIEHHS i MACHUBY, IO MICTUTD

BUPOBKY I'NIMBOKOI'O 3AKJIAJIEHHS

B. Kupuuenko, C. CTOBIHUK

Merta. Po3pobOka aHanmiTnaHOi MoJierni B3aeMOIil KpiluIeHHsI i MacuBY JUIsI BU3HAUCHHS IapaMeTpiB 3a0e3neyeHHs
eKCIUTyaTaIlifiHoOl CTIHKOCTI TipHUYMX BUPOOOK HA BEIUKUX TIIMOMHAX, 3HIDKCHHS X METAIOEMHOCTI Ta ITiBUIICHHSI
pecypco30epeskeHHS.

Metoauka. MareMaTHYHIM MOZCTIOBAHHIM i3 3alydeHHsSM pPi3HUX (QYHKIH 3HEMIITHEHHS Ta Bapiamii (i3uko-
MEXaHIYHUX BIACTUBOCTEH TiPCHKUX TOPiJ PO3TIIAHYTI Miala30HH CHIIOBUX BIUTMBIB KPIIUIEHHS HA MACHB, IIIO MICTHTH
BUPOOKY I'THOOKOTO 3aKJIageHHS.

Pe3yabTaTn. BcTaHOBIIGHO aHANITHYHY 3aJIEKHICTD BILUIMBY KPIIUICHHS Ha 3MILEHHS [TIOPOJHOTO KOHTYPY Ta 3Mi-
Hy Iuioli mnepepizy BupoOku. OOrpyHTOBaHO e(EeKTHBHUI IHTEpBal CHUIIOBOTO ONOPY KPIIUICHHS Ui OJOKYBaHHs
rpaHUYHHX 30H Jedopmaniii macuBy. JlocimipkeHO mapaMeTpy Mpane3aaTHOCTI KPIIUICHHs Ta Oro YyTBOPIOIOYHX Xa-
PaKTEPHUCTUK — POOOUOro OMOpPY Ta KOHCTPYKTUBHOI MiIATIUBOCTI SK poOOTH, 110 3a0e3nedye (opMyBaHHS CUCTEMHU
“KPIIJICHHS] — MACHUBY.

HayxoBa HOBH3HA. 3aIIPOIIOHOBAHO HOBMI HAyKOBHH MiAXiJ, 3aCHOBaHMH Ha MPIOPUTETHOCTI MapaMerpa mpare-
3JIATHOCTI KPIIJIEHHS Ta OTO YTBOPIOIOYHMX XapaKTEPUCTHK. Briepie BcTaHOBIICHO, 1110 HAlO1IbII e)EeKTUBHHUM 1 pea-
JIHO JIOCSUKHMM € 1HTEpBasl omopy kpirtenHs 150 — 250 kH/m?, 31 36inblueHHSIM ITIMOWHM BEJEHHS TipHUYMX POGIT
nosan 1000 M omip kpimmenns carac 350 — 400 kH/M?, a GLIBII — € HEXOUILHAM.

IpakTHyHa 3HaYMMicTh. Pe3ynbTaTi 1OCHIHKEHD 3 TOCTaTHBOIO IS MIPAKTHYHOTO 3aCTOCYBAHHS TOYHICTIO MO-
JKYTh BUKOPHCTOBYBATHUCS U1 BU3HAUCHHS HEOOXiTHUX IMapaMeTpiB CIIIOBHUX 1 IedopMamiiHUX XapaKTePUCTHUK Kpir-
JIeHb, JO3BOJIAIOTH PErJIaMEHTYBAaTH MPAKTHKY BHKOPHCTAHHS ICHYIOUMX KpiIUICHb Ta PO3POOKY HOBHX KOHCTPYKIIH,
110 BIAMOBIAAIOTH IiIBUIIICHUM '€OMEXaHIYHHM BUMOTaM BEJIMKHX TIIHOMH PO3POOKH.

Knrouosi cnosa: mamemamuune M0oO0ento8anis, Qisuko-mexaniyii 61acmueocmi, KPINieHHs ZIPHUYUX GUPOOOK,
Macue, onip KpinieHus

MOJIEJINPOBAHUE B3AMMO/JIEVICTBUS KPEIIU U BMEIIIAIOIIIETO MACCHUBA
JJIAA BBIPABOTKHU I''TYBOKOI'O 3AJTIOKEHUA
B. Kupuuenko, C. CTOBIIHUK

Hean. PazpaboTka aHanuTHYECKOH MOJEIM B3aUMOJEHCTBUS KpEelu M BMEMIAIOLIEr0 MacCHBa JJIsl ONpPEIeIeHUs
napaMeTpoB 00ECIEUCHHUS IKCILTYaTAIIMOHHON YCTOWYMBOCTH TOPHBIX BBIPAOOTOK Ha OOJBIIMX TIIyOMHAX, CHHXKCHHUS
HX METAUIOEMKOCTH U TIOBBIICHHS PECYPCOCOEpeKEeHHS.
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MeToanka. MaTeMaTH4eCKUM MOJICTMPOBAHUEM C MPHUBJIEYEHUEM Pa3IMYHBIX (QYHKLHHA pa3ylnpouHEeHUs] U BapHua-
UK (PU3UKO-MEXaHMYECKUX CBOMCTB TOPHBIX MOPOJ] PACCMOTPEHBI AMAIa30HbI CHIIOBBIX BO3JICUCTBUI Kpelu Ha BMe-
IIAIOIINIT MacCUB BBIPAOOTOK IIIyOOKOTO 3aJI0KEHUSL.

Pesyabratsl. [lonyuena anauTr4eckas 3aBUCUMOCTD BIIMSHHS KPENH Ha CMEIIEHHE ITOPOJHOTO KOHTYpa U U3Me-
HEHHS IUIOIAIM ceueHus BbpaboTku. OO0cHOBaH 3 PEKTUBHBIN HHTEPBaAJI CHJIOBOTO OTIOpPA KpenH Juisi OJIOKUPOBKU
MIpeAebHBIX 30H Aedopmaiuii MaccuBa. lccienoBaHsl mapaMeTpbl pabOTOCIIOCOOHOCTH Kpenu M 0Opas3yroIINX €ro
XapaKTEPUCTHK — padOYero COMPOTUBICHUS U KOHCTPYKTUBHON MOJATIUBOCTH KaK padoThI, oOecrieynuBaromeit hopmu-
pOBaHHE CHCTEMEI “KpPETh — MacCHB.

Hayunasi HoBu3HA. [IpeayioskeH HOBBI HAayYHBIH MOIXOM, OCHOBAHHBIH Ha MPHOPUTETHOCTH MapameTpa pabdoTo-
CIIOCOOHOCTH Kpelu U ero o0pa3yloIix XapaKTepuCTHK. BriepBble ycTaHOBIEHO, 4To Hanbonee 3p(HEeKTUBHEIM H pe-
aJTBbHO JOCTHIKAMBIM SIBIISIETCS MHTEpBaN oTmopa kpemu 150 — 250 kH/M?, ¢ yBennuenueM IiyOMHBEI BEIEHHUS TOPHBIX
pabort Gonee 1000 M oTnOp Kpenu MokeT nocturath 350 — 400 kH/M?, a Gonee — ABISETC HELEIECOOOPa3HBIM.

IMpakTHyeckast 3HAYUMOCTB. Pe3ynbTaThl HCCIeI0BaHUN C JTOCTATOYHOM AJISl MPAKTHYECKOTO IPHUMEHEHUSI MOTYT
UCIIONIb30BaThCS JUIsl OIPE/IeNICHHs] HEOOXOJUMBIX [TapaMeTPOB CHIIOBBIX U Je(OPMALMOHHBIX XapaKTEPUCTUK Kpeleu,
MO3BOJISIIOT PETJIAMEHTHPOBATh MPAKTHKY MCIIOJIb30BaHMs CYIIECTBYIOIIUX Kpenel U pa3padoTKy HOBBIX KOHCTPYKIIMH,
OTBEYAIOIIMX ITOBBIIICHHBIM I€OMEXaHUIECKIUM TpeOOBaHHEM OOJIBIIKX ITyOHH pa3paboTKH.

Knrouesvle cnosa: mamemamuueckoe Mooenuposanue, QuuKo-mexanuieckue ceoucmed, Kpenb 20pHuIX 8bipabo-
MOK, 6Mewarouuti Maccus, Omnop Kpeni
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