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Abstract

Purpose. Determining the deformation properties of backfill mass used to preserve the continuity of the coal-rock stratum
enclosing mine workings.

Methods. To achieve the purpose set, laboratory studies have been performed on crushed rock samples with different granu-
lometric composition, which are exposed to uniaxial compression in a steel cylinder. The experimental data are processed
using the mathematical statistics methods.

Findings. As a result of performed laboratory studies, it has been determined that during compression pressure of the back-
fill material from crushed rock, the deformation modulus is a variable value and depends on the value of the applied load,
which means that it cannot be used as a physical characteristic of the backfill mass. It has been proven that the deformation
modulus characterizes the backfill mass rigidity, that is, its ultimate stress state. The rigidity value under a constant external
load, can be regulated using the granulometric composition of the crushed rock. It has been revealed that the maximum
shrinkage of the backfill mass is achieved when repacking crushed rock fractions of different sizes under volume compres-
sion of the backfill material. In the case when the backfill material is a homogeneous fraction of crushed rock, when increas-
ing the constrained modulus, the backfill mass rigidity increases, and shrinkage decreases.

Originality. It has been proven that the values of the crushed rock compaction coefficient, which characterizes the shrin-
kage of the backfill mass, are correlated with a parabola and depend on the granulometric composition of the source materi-
al. With inhomogeneous granulometric composition, the compaction coefficient values are maximum, and for backfill mate-
rial with the similar fraction, they decrease with a change in the bulk density of the crushed rock.

Practical implications. To ensure the side rocks stability and to maintain mine workings in an operational state, it is neces-
sary to ensure a uniform by volume granulometric composition inhomogeneity of the crushed rock. This determines the
ability of the roof and bottom of the coal seam to effectively respond to the impact of external factors that are manifested in
the mass of sedimentary rocks during mining operations.
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1. Introduction

Performance of the majority of domestic deep coal mines,
especially in difficult mining-and-geological conditions, has
relatively low technical and economic indicators. Besides,
during mining operations, collapse of side rocks and block-
age of mine workings are possible, which leads to the min-
ers’ injury. In most cases, the causes of accidents and emer-
gency situations are the lack of reliable means of ensuring
the stability of mine workings.

One of the conditions for guaranteeing high indexes of
coal production is to ensure mine workings stability in the
coal mine. The efficiency of mining-out the coal seams and
the safety of mining operations largely depends on the
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method used to control the roof in the stope face. As evi-
denced by the world experience of coal seams mining in
difficult mining-and-geological conditions, the state of side
rocks and the mine workings preservation in a sedimentary
rock mass are most favourably influenced by the method of
controlling the roof through backfilling of the mined-out
space [1]-[3]. Therefore, in order to avoid emergency situa-
tions and reduce the probability of negative rock pressure
manifestations in mine workings, especially when mining
the coal seams at great depths, it is necessary to focus on
backfilling of the mined-out space as a way to control the
roof in the stope face. By using backfilling of the mined-out
space, the state of side rocks will be improved and blockage
in mine workings will be eliminated.
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1.1. Recent research and publications analysis

Rock waste dumps of mines are the main source of envi-
ronmental pollution in coal-mining areas. Currently, they
should be considered as objects that present the prospect of
subsequent processing and use [4], for example, for backfill-
ing of the mined-out space.

More than 1000 rock waste dumps have been accumulated
over the entire period of functioning the mining enterprises on
the territory of Ukraine. These dumps occupy an area of about
20 thousand hectares of highly fertile chernozem soils [5].

Analysis of the world experience in underground mining
of mineral deposits shows that up to 35% of mines use sys-
tems of mining with backfilling of the mined-out space. In
coal mines, the method of controlling the roof by backfilling of
the mined-out space is used in exceptional cases, for example,
when it is necessary to reduce the endogenous fire hazard and
for mining the coal seams under security facilities [6].

Indeed, the substantial experience of using the backfilling
with crushed rock has been obtained in the mines of Ukraine in
cases of solving complex issues of protecting industrial, resi-
dential objects and water bodies on the surface, when managing
geomechanical processes during mining the reserves in difficult
mining-and-geological conditions, and, when it is necessary
to reduce the volume of rock output from mines [7]-[10].

Some specialists believe that if the rock is left in the
mine, then the complex issues of managing geomechanical
processes in the coal-rock mass enclosing the mine workings
can be solved during the development of stope and prepara-
tory works [11]. It is noted that it is the backfilling of the
mined-out space that provides the least shrinkage of the un-
derworked stratum and restrains the side rocks displacement
in the mass. However, with such statement of a situation,
there are no requirements for backfill mass, which reflect
their deformation properties and ensure the stability of the
coal-rock mass [12].

It is known [13] that backfilling of the mined-out space
has a positive influence on the state of the side rocks in the
vicinity of the stope working and adjacent extraction drifts.
This is not only due to the influence of reducing the effective
thickness of the seam. When mining the longwall faces with
complete roof collapse or complete backfilling of the mined-
out space, under the condition of the similar effective thick-
ness of the seam, the geomechanical pattern in the coal-rock
mass enclosing the mine workings is different [14]-[15].
Probably, the improvement in the nature of the side rocks
state when using backfilling of the mined-out space from
crushed rock is conditioned by the nature of the roof and
bottom interaction with the backfill mass.

As it has been determined before [16], the change in the
stress-strain state of side rocks when using yielding supports
for mine workings security occurs as a result of their shrink-
age or compression. To achieve a favourable geomechanical
situation in the coal-rock mass enclosing the mine workings,
it is necessary to provide a smooth deflection of side rocks.
Then, other factors being equal, the probability of natural
hazards in the mine workings will always be less.

It is believed [17] that the use of backfilling of the mined-
out space ensures safe and effective minerals extraction. In
real conditions of mining the coal seams with backfilling of
the mined-out space, the backfill mass perform the functions
of a supporting structure. They provide supporting of side
rocks in the mined-out space behind the longwall face and
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prevent dangerous rock pressure manifestations, such as
sudden collapse of the stratified rock stratum [18]. The world
experience of mines and pits that use backfilling of the mined-
out space to protect mine workings and surface objects indi-
cates that a change in the geometry of the backfill mass signif-
icantly influences on its compressibility. In the rubble band
used to protect the drifts, the backfill material functions in the
conditions close to uniaxial compression, and in the compact
mass, when the method of roof control is used through back-
filling of the mined-out space, in the conditions of volume
loading [19]. It is evident that the compression of the backfill
mass under the action of own weight of the overlying layers
occurring across a certain area is carried out when the lateral
expansion is impossible. Such a particular case of triaxial
pressure influence is called compression [20], [21].

To maintain mine workings with limited volumes of rock
in underground conditions, it is proposed to use a solidifying
backfill [22]. Such a solution in certain mining-and-
geological conditions, ensures the maintenance of mine
workings due to the use of a solidifying support, in compari-
son with other protecting methods. At the same time, there
are still unresolved issues related to the regulation of the
backfill solidifying processes and the preparation of multi-
component solidifying mixtures, as well as the influence of
solidifying supports on mine workings stability [23], [24].
Proceeding from this, the backfill mass from crushed rock, as
a means of restraining the displacements of side rocks, must
have certain properties and characteristics. This will maintain
the mine workings in an operational state and increase the
safety of mining operations, while meeting the requirements
for the source backfill material.

1.2. Purpose and objectives of research

The purpose of research is to determine the deformation
properties of the backfill mass used to preserve the continuity
of the coal-rock stratum enclosing the mine workings.

To achieve this purpose, the following objectives are set:

—to determine the physical and mechanical characteris-
tics of backfill mass from crushed rock with different granu-
lometric composition;

—to study the deformation properties of backfill mass
from crushed rock under compression pressure to substanti-
ate the side rocks stability.

2. Materials and methods of research

The backfill mass consists of the source material —
crushed rock of various sizes. Such mass very rarely are an
accumulation of any single faction. Usually, all fractions in
the backfill mass are in certain proportions, which means that
particles of various sizes that compose the backfill mass
system have certain properties. To study the physical and
mechanical properties of the backfill mass, the granulometric
composition of the backfill material from crushed rock is
analysed in this research.

The simplest way to determine the crushed rock granu-
lometric composition is by sieving the source material
through a set of standard sieves with holes 5, 4, 3, 2, 1 and
0.1 mm [25]-[29].

To determine the percentage content of the fractions ob-
tained after sieving the source material of crushed rock, weigh-
ing is carried out on a technical weigh scales with an accuracy
to 0.01 g. The sum of the weights of all fractions is different
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from the initial weight of the source material by 1%, which
meets the requirements stated in the work [20], [28].

It is known [25], that the bulk weight of crushed rock pp
(kg/md) is the weight of a unit volume of loose rock mass.
During the experiments, the value of py (kg/m®) is deter-
mined using a special measuring vessel with a volume of
Vy =102 (m®) and the weight m, (kg), in accordance with the
methodology described in the work [29].

After performing the experiments, a value of the bulk
weight pp (kg/md) is found by the expression:

_ mH B mv
vV,
1)

where:

my — the weight of a measuring vessel with crushed rock, kg.

It is believed [30]-[32] that the value of p, (kg/m®) de-
pends on the rock moisture content and its bulk weight.
Therefore, laboratory samples, dried to constant weight, are
used for testing.

Void factor M (%) of the backfill material is determined
by calculation based on the preliminary found values of the
average density p (kg/m®) of the source material and its
bulk density p, (kg/m®) according to the expression from
the work [29]:

M:( ].mo,

Compression properties of the crushed rock with different
granulometric composition are tested in a steel cylinder with
a height of hey = 0.075 m and a diameter of deyi = 0.075 m. In
the course of the experiments, a P-50 hydraulic press is used
as a test equipment, intended to load experimental samples
with a static load (during their testing for compression). The
maximum force developed by the press is 50 tons. A steel
cylinder filled with crushed rock of a certain fraction with a
plunger is set between parallel press plates (Fig. 1a, b). After
that, a vertical force F (kN) is applied to it. As a result of this
interaction, vertical normal stresses o, (MPa) arise in the
sample, due to which the crushed rock is compacted and the
backfill material shrinks.
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Figure 1. Photo of experimental equipment for determining the
compaction coefficient Kkcompa 0f crushed rock:
(a) press for compressing the steel cylinder; (b) steel
cylinder with removable bottom: 1 - steel cylinder;
2 — plunger; 3 — crushed rock
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To determine the compaction coefficient Keompa, Crushed
rock is used, consisting of inhomogeneous fractions and source
material dispersed into standard fractions. The compaction
coefficient keompa OF the crushed rock is calculated as the ratio of
the volume occupied by the source material before compaction
to the volume that it occupies after compacting [25]-[28].

In this research, the values of the rigidity coefficient C
(N/m) of backfill mass is determined based on Hooke’s
law [18], taking into account the crushed rock of different
fractions, when:

F
c=—, 3
h (3)
where:

4h —the value of crushed rock compression in a com-
pression device, m.

3. Experimental findings

The data of experimental research on determining the
granulometric composition of crushed rock are presented in
Table 1.

Table 1. Data from laboratory studies of the crushed rock granu-
lometric composition using sieve analysis

Sieve holes, Fraction size, Percentage content
mm mm in the total volume, %
5 >5 4
4 4-5 16
3 3-4 19
2 2-3 24
1 1-2 18
0.1 0.1-1 14
<0.1 5

The results of the sieve analysis are shown graphically
(Fig. 2) in the form of a grain-size accumulation curve
(Fig. 2a), as well as a histogram and differential curves of the
crushed rock particles distribution by sizes (Fig. 2b).

The granulometric composition of the crushed rock
(Fig. 2a) is characterized by the coefficient of inhomogeneity
Kinhom, Which reflects the scattering of the crushed rock shape
and size relative to their average value. Having determined
the particle diameters, the value of the coefficient Kinnom Can
be determined, as it is recommended in [29]. Given that the
inhomogeneity coefficient values of the rocks forming Don-
bass coal deposits usually range within the limits of
Kinnom = 1.6, the found experimental value Kinnom = 4.8 charac-
terizes the inhomogeneity of the crushed rock source material.

To construct a histogram and a differential curve of the
particles distribution by sizes, on the granulometric graph,
the linear size d (mm) of the measured particles is plotted
along the abscissa axis, and their percentage content P (%) in
the total volume of the crushed rock source material is plot-
ted along the ordinate axis (Fig. 2b). Volume ratios intervals
are presented as bars with height 77; = Ad,. In this case, a
histogram of the particles distribution by sizes is obtained
(Fig. 2b). Having connected the midpoints of the bars upper
bases of the distribution diagram, a smooth differential curve
is obtained. The resulting dependence characterizes the parti-
cles with average sizes enclosed between the right and left
edges of one bar (di#', mm), which occupy P; (%) by volume
in the crushed rock source material (Fig. 2b, dependence 3).
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Figure 2. Granulometric composition of crushed rock: (a) in the
form of a grain-size accumulation curve; (b) in the form
of a histogram and differential curve of the crushed
rock particles distribution; 1—a grain-size accumula-
tion curve; 2 — histogram; 3 — differential curve of the
particles distribution

The main statistical characteristics of the differential
curves of the particles distribution by sizes are the mean
value, median and mode [30]. For a normal distribution, the
mean, median and mode coincide, which is confirmed by the
obtained experimental data (Fig. 2b).

The physical and mechanical properties of the backfill
mass depend on the ratio of the main fractions in them, in
accordance with the studied peculiarities of each crushed
rock fraction.

Laboratory studies data on determining the value of M
(%) are presented in Table 2. Values of pp (kg/m®) for the
crushed rock are given after sieving by fractions. From the
data presented in Table 2, it can be seen that with an increase
in pp (kg/m?), the values of void factor M (%) decrease.

Table 2. Laboratory studies data on determining the bulk density
and void factor of the backfill material from crushed rock

Void factor M, %

Fraction size, mm  Bulk density pv, kg/m?

0.1-5 1820 14
4-5 1680 20
3-4 1720 19
2-3 1860 12
1-2 1880 11

1-0.1 1940 8
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The results of tests on compression are represented in the
form of a compression diagram, when the value of the external
force F, (kN) is plotted along the abscissa axis, and the dis-
placement — change in the height of the sample 4h (m) during
compression is plotted along the ordinate axis (Fig. 3).
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Figure 3. Graphs of changes in a height 4h (m) of a sample from
crushed rock with different granulometric composition
under uniaxial compression in a steel cylinder depend-
ing on the applied force F (kN): 1-fraction size
0.1-5 mm; 2 — fraction size 4-5 mm; 3 — fraction size 0.1-
1 mm; Ah;=0.023m; Ah2=0.021m; Ah3=0.007m -
value of samples 1, 2, 3 compression

From Figure 3 it is seen that the compression diagram of
the backfill material is curvilinear throughout. However, in a
certain limited range of compressive load, the backfill mass
can still be considered as a linearly deformable body.

Let us consider compression as a particular case of triaxi-
al pressure impact on a linearly deformable body, when
compaction of crushed rock occurs.

Figure 4 shows a scheme of the crushed rock sample de-
formation in a steel metal cylinder under uniaxial compres-
sion. The relative deformation A, of a crushed rock sample
under compression can be determined from the ratio (Fig. 4):

Ah-A_4h

%=TA T h

: 4)

where:
A — cross-sectional area of the sample, m?,

F
7 7
p
o
7N
< =
B3]
00 ‘
dcyl
X

Figure 4. Scheme of the crushed rock sample deformation in a
steel metal cylinder: F—compression force (kN);
4h —value of compression (m); hey — cylinder height (m);
dc — cylinder diameter (m)
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Figure 5 shows the dependences reflecting the change in
the compaction coefficient of the crushed rock keompa ON its
bulk density pp (kg/m3).

To construct the experimental dependences, the values of
the compaction coefficient Keompa are plotted along the ordi-
nate axis, and the bulk density of the crushed rock p, (kg/m?),
corresponding to these values, is plotted along the abscissa
axis (Fig. 5). To determine the form of the link between the
compaction coefficient Keompa and the bulk density of the
crushed rock p, (kg/m®), the form of the correlation equation
is defined.
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Figure 5. Graphs of the change in the compaction coefficient of
crushed rock keompa at different bulk density po (kg/m3)
of the source backfill material

Let us analyse the correlation field of the obtained exper-
imental data with their subsequent approximation (Fig. 5).
As a result of the research performed, it has been determined
that the closest link between the considered parameters can
be described by a quadratic parabola, the determination coef-
ficient of which is R>=0.87. Thus, the resulting regression
equation, which has the form:
y=ax+bx+c= —0.00001213%? +0.0432x —36.9 , (5)
explains 87% of the variance of the effective feature, and the
share of factors not considered in the experiment is 13% of
its variance.

When approximating the experimental data by a linear de-
pendence, the determination coefficient is R? = 0.06 (Fig. 5).

It has been experimentally determined that with an inho-
mogeneous granulometric crushed rock composition, the
fraction size of which is 0.1-5 mm, and the bulk density
pb = 1800-1820 kg/m3, the compaction coefficient value
corresponds to Keompa = 1.54-1.57. In the case when the
crushed rock is represented by a large sized fraction of
4-5 mm, with a bulk density p, = 1620-1650 kg/m?, the com-
paction coefficient values are Keompa = 1.24-1.27. In the pres-
ence of fine homogeneous fractions with a particle size of
0.1-1 mm in the backfill material, with a bulk density
po = 1940-1970 kg/m3, the compaction coefficient value
decreases to Keompa = 1.11-1.16.

From this, it follows that with an inhomogeneous granu-
lometric composition of the crushed rock, as a result of com-
pression, the compaction coefficient values keompa have max-
imum values in the range Keompa = 1.54-1.57.

This is also confirmed by the results of research in [21],
[33], where it was determined that soils with a homogeneous
granulometric composition, plastic deformations are much
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less manifested. Constant changes in the structure take place
in soils with an inhomogeneous granulometric composition,
when plastic deformations develop uniformly.

When the obtained experimental data are processed and
the dependences are analysed, the optimal bulk density value
of the crushed rock can be determined:

b 00432
2a 2:0.00001213

opt

=1780 kg/m?, (6)
at which the compaction coefficient keompa takes maximum
values corresponding to Kcompa = 1.56.

When performing research on determining the compac-
tion coefficient values of the backfill mass Keompa, mathemati-
cal statistics has been used, which made it possible to assess
their accuracy and reliability during processing the experi-
mental results.

The constrained modulus Econstr (MPa) of the backfill
mass deformation is determined as in the [20], [28] by the
expression:

oh

constr =

n U]

where:

o — pressure transferred to the crushed rock sample, MPa.

Under compression, the crushed rock sample deformation
occurs as a result of volume compression. It has previously
been determined [20], [34] that regardless of the type of
stress state, when the crushed rock is compressed, its struc-
ture is compacted and the contact between particles increas-
es. It is believed [28] that when the sample is compressed in
a steel cylinder, the sample diameter does not change, and
the relative vertical deformation is equal to the relative vol-
ume change 4V (m®). Obviously, when compressed, there is
a decrease in the volume of the backfill material, and then a
relative change in its void factor 4M (%) also occurs, that is,
the ratio is valid:

Ah AN AM

== ®
h V M

where:

V — initial volume of the crushed rock sample, m?.
Given the above, the change in void factor 4M (%) of the
backfill material is possible to determine using the expression:
4h

AM=— M,

H ©)

when, as a result of its compressibility, there is a repacking
of crushed rock fractions [20]-[25], [34], [35] within a sys-
tem of backfilling the mass.

Backfill mass have a similar rigidity coefficient C (N/m)
as in the spring. However, unlike a spring, the rigi-dity coef-
ficient of the backfill mass is not constant and increases in
proportion to the pressure increase [36].

Laboratory studies data on determining the rigidity
C (N/m) of the backfill mass are presented in Table 3.

Figure 6 shows the graphs reflecting the change in the
relative linear deformation /4, and constrained modulus Econstr
(MPa) of the backfill mass deformation at different crushed
rock bulk density py (kg/m?3).
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Table 3. Laboratory studies data of the compression characteristics of the backfill mass from crushed rock with different fractions

Maximum compression

. . 3
Fraction size, mm force, F, kN o, MPa  pp, kg/m h, m Ah, m Az Econstr, MPa C, N/m
0.1-5 150 34.8 1820 0.063 0.023 0.36 95.3 6.5-108
4-5 130 30.6 1680 0.062 0.021 0.33 90.2 6.2-108
3-4 120 27.9 1720 0.063 0.02 0.31 87.8 6.0-108
2-3 110 255 1860 0.064  0.017 0.26 96.1 6.4-108
1-2 90 21 1880 0.062 0.011 0.17 118.3 8.1-108
0.1-1 70 16.2 1940 0.062 0.007 0.11 142.5 10-10°
0.4 200 25
N\ i
203 1502 2 X
5 S °\° L
2 = -
g £ § 15 i »
£20. 1005 =
© 2 o S 10
V. > o
g >
s 5
1600 1700 1800 1900 2000
Crushed rock bulk density,()b, kg/ma) 1600 1600 1800 1900 2000

Figure 6. Graphs of the change in the relative linear deformation
Zz and constrained modulus Econstr (MPa) of the backfill
mass deformation at different crushed rock bulk density
pob (kg/m3): 1 - 4z; 2 — Econstr (MPa)

It has been determined that with an increase in the
crushed rock bulk density pp from p,=1680 kg/m® to
po = 1800 kg/m?, the relative linear deformation 2, of the
backfill mass increases, and with p, > 1800 kg/m?, it sharply
decreases (Fig. 6, dependence 1).

With an increase in the crushed rock bulk density from
pb = 1800 kg/m® to pp = 1940 kg/m?, the values of Econstr (MPa)
increase from Econst = 60 MPa to Econst = 147 MPa. In the inter-
val pp = 1680-1800 kg/m?, the values of the constrained modu-
lus of backfill mass deformation decrease from Econst = 95 MPa
to Econst = 60 MPa (Fig. 6, dependence 2).

From the data in Table 3 follows that the maximum com-
pression 4h =0.023 m of crushed rock in a steel cylinder oc-
curs at pp = 1820 kg/m®, and the minimum compression value
4h =0.007 m is recorded when p, = 1940 kg/md. It is evident
that with an increase in the value of the constrained modulus
of deformation Econstr (MPQ), the compressibility of the backfill
material decreases. The constrained modulus of deformation
Econsr (MPa) characterizes the compression degree of the
crushed rock system, namely, the backfill mass shrinkage.

Figure 7 shows the graphs of changes in void factor
AM (%) of the backfill material from crushed rock with dif-
ferent bulk density py (kg/m?) under uniaxial compression in
a steel cylinder.

It is seen from Figure 7 that with an increase in pp (kg/m?3),
the value of AM (%) decreases from of AM=6.6% at
pb=1680 kg/m® to AM=0.88% at pp,= 1940 kg/m* which
testifies a variable compaction coefficient of the backfill ma-
terial having different granulometric composition of the
crushed rock. With an increase in the rigidity of the backfill
mass material c-10® (N/m), the values of the compaction coef-
ficient keompa @nd the backfill mass shrinkage AZ (%) decrease
AZ (%) (Fig. 8). It can be noted that at the maximum rigidity
of the backfill mass, when ¢ =10-106 N/m, the minimum
compression value is 2h = 0.007 m.
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Crushed rock density (oo, kg/m’)

Figure 7. Change in the void factor AM (%) of the backfill mate-
rial from crushed rock with different granulometric
composition at a certain bulk density pb (kg/m?®) as a re-
sult of uniaxial compression in a steel cylinder: 1 — void
factor M (%) before compression; 2 — void factor M (%)
after compression
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Figure 8. Graphs of the change in the crushed rock compaction
coefficient kcompa and the backfill mass shrinkage
AZ (%) at a variable rigidity ¢:10% (N/m): 1 — Kcompa;
2 - AZ (%)

Hence, the minimum compaction coefficient is Keompa = 1.1
with the backfill mass shrinkage Az = 10% (Fig. 9).

It is also obvious that with an increase in the compressive
force F (kN), the rigidity of the backfill mass material in-
creases. Thus, for the crushed rock, the size of the fraction of
which is 0.1-1 mm, with an increase in the compressive force
from F=20 kN to F=60 kN, the rigidity of the backfill
mass material increases from C = 7.4-108 N/m to C = 9.5-10°
N/m. As a result of this interaction, the maximum compres-
sion of the homogeneous crushed rock of the fine fraction
occurs, and Ah = 0.007 m (Fig. 10).

It should be noted that the backfill mass of crushed rock
are complex research objects, the physical characteristics of
which depend on a large number of factors.
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Each specific type of backfill mass as a physical body
was assessed using a number of physical characteristics. The
physical parameters determined from the experiments give
an estimate of the backfill mass real properties with a certain
error (up to 13%).

4. Discussion of experimental research results

To assess the deformation properties of the backfill mass,
compression pressure on the crushed rock with various gran-
ulometric composition is used in this study. Compression
tests (Fig. 1) are a convenient tool for modelling the backfill
mass behaviour under load for determining their physical and
mechanical characteristics.

As a research result, it has been revealed that the granulo-
metric composition of the crushed rock and its inhomogeneity
are the main characteristics for determining the physical prop-
erties of backfill mass (Tablel, Fig. 2), used to support side
rocks in the coal-rock mass enclosing mine workings.

The void factor of the backfill mass depends on the gran-
ulometric composition of the crushed rock, taking into ac-
count the geometric shape, size and arrangement of particles
in space (Table 2, expr. 7, Fig. 7). As a result of compres-
sion, the backfill mass shrinkage occurs, that is, repacking of
crushed rock particles, and hence a decrease in the volume
and void factor of the backfill material (Figs. 3, 4, 8). In the
case when the backfill mass is represented by a homogeneous
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fraction of a large size, its deformation occurs due to the elas-
tic compression of the crushed rock. With an inhomogeneous
granulometric composition of the crushed rock, as a result of
compression, a mutual displacement of fractions occurs rela-
tive to each other, with a maximum backfill mass shrinkage
and a maximum compaction coefficient (Fig. 5).

The deformation characteristics of the backfill mass, as a
system, determine their ability to respond to the impact of
various external factors, which are manifested in the coal-
rock mass enclosing mine workings. One of the main re-
quirements for backfill mass, intended to ensure the side
rocks stability and the safety of mine workings is their rigidi-
ty. The value of the backfill mass rigidity, under constant load,
is regulated by the granulometric composition of the crushed
rock (Table 3). The greater the rigidity of the backfill mass
system, the higher the deformation modulus (Fig. 6).

The constrained modulus of deformation Econsr (MPa)
cannot be taken as a constant physical characteristic of the
backfill mass, since is a variable value that depends on the
system rigidity (Table 3). For efficient mining of coal seams
at great depths, when providing the side rocks stability dur-
ing unloading of the coal-rock mass and to maintain the mine
workings in an operational state, it is necessary to focus on
the method of controlling the roof in the stope face by back-
filling of the mined-out space. To obtain the maximum effect
from the use of backfilling of the mined-out space, it is nec-
essary to provide the inhomogeneity of the source backfill
material, as a system of fractions.

Having certain physical and mechanical peculiarities,
backfill mass from crushed rock are protective structures for
mine workings, which restrain the displacements of side
rocks in the coal-rock mass.

The use of backfilling of the mined-out space helps to re-
duce the loss of minerals in the subsoil. Backfilling is used to
leave rock in the mine after mining operations and mine
workings repair. Moreover, when conducting stope works
with the backfilling of the mined-out space, the problem of
waste-free, environmentally friendly production is solved. For
backfilling of the mined-out space, wastes from processing
plants and rock waste dumps can be used with certain re-
quirements for backfill materials substantiated in this research.
In modern conditions, the backfilling of the mined-out space
should be considered as a way to protect the environment from
the technogenic impact of underground mining operations.

5. Conclusions

1. The physical and mechanical characteristics of the
crushed rock determine the ability of the backfill mass, as a
deformable system to respond to the impact of external fac-
tors, which are manifested during unloading the coal-rock
mass. The change in the void factor and the backfill mass
shrinkage under compression pressure influence depends on
the load value, the size of the crushed rock fractions and their
percentage content in the total volume.

2. The deformation properties of the backfill mass indi-
cate that under a constant load, their rigidity variance is pos-
sible as a result of a change in the crushed rock granulo-
metric composition. The maximum shrinkage of the backfill
mass occurs at the maximum value of the crushed rock com-
paction coefficient, when Keompa = 1.56. With this compaction
coefficient value, the optimal characteristics of the backfill
mass are ensured. When solving the problem of mine work-
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ings stability, it is necessary to predetermine the issues of the
backfill mass rigidity, which will restrain the side rocks dis-
placements with a certain permissible value of shrinkage and
ensure the unloading of the coal-rock mass from stresses.
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EKCHCpﬂMeHTaJ’lBHi XapaKTePUCTUKH ZIe(l)OpMaIliﬁHPlX BJIACTHBOCTEM 3aKJIaHUX MacHBiB

I. Topmanos, 0. Hogsikosa, 0. CimonoBa, O. Edpemos, €. [Toakomnaes, A. Koponb

Merta. Busnauntu nedopmariiiHi BIaCTUBOCTI 3aKJIaJHUX MacHBiB, BUKOPUCTOBYBAaHHX JUIsl 30€peKEHHs LIJIICHOCTI BYIJI€NOPOJHOT TO-

BIIIi, IO BMIIIIA€ TIpPHUYI BUPOOKHT.

Metoauka. J[yisi TOCATHEHHS [OCTABJICHOT MeTH OyJIM BUKOHaHI JTaOOpaTOPHi TOCIIKEHHS Ha 3pasKkax 3 po3ApoOIIeHOI HOPOIH Pi3HOTO
TPaHyJIOMETPUIHOTO CKIIAMy, sIKi MiJIaBalncs OJHOOCEOBOMY CTHCKY B CTAIIEBOMY INUTIHIpI. ExcriepuMeHTanbHi gaHi 00poOsiIics MeTo-

JaMH MaTeMaTHIHOI CTATHUCTHKH.

PesyabTaTh. B pe3ynbrari BUKOHaHMX J1a00OPaTOPHUX JOCHTIIKEHb BCTAHOBIICHO, 1110 IPH KOMIIPECIHHOMY CTUCKYBaHHI 3aKJIaJHOTO Ma-
Tepiany 3 po3apobiieHol mopoay, Moayab aedopMailii € 3MiHHOIO BEIHYHHOIO i 3aJI€KUTh BiJl 3HAUCHHs MPUKIAJACHOTO0 HAaBaHTAXKSHHS, a
3Ha4YUTb, HE MOXKE 3aCTOCOBYBATHCA K ()i3MUHA XapaKTEPUCTHKA 3aKIaIHOro MacuBy. JloBeneHO, 10 Moayib AedopMalii XapakTepusye
JKOPCTKICTh 3aKJIaHOTO MAaCHBY, TOOTO HOro rpaHUYHHUN HANpPYXXEHHH cTaH. BenudauHy )OPCTKOCTI, IPH MOCTIHHOMY 30BHILIIHBOMY HaBaH-
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TaXXCHHI, MOJKHA PEryJIIOBaTH TPAaHYJIOMETPUYHUM CKJIAJIOM JIpOOJICHOT Mopoayu. BCTaHOBNICHO, 110 AOCATHEHHS MaKCHMMAIbHOI YCaKH 3a-
KJIaJHOTO MacuBy, 3a0e3medyeThesi IpH TeperakyBaHHs HEOJHAKOBHX 3a po3Mipamu (pakuiit po3apobiaeHoi mopoau mpu 00'eMHOMY CTHC-
HEHHI 3aKJIaJHOTO MaTepiany. Y pa3i, KOJH 3aKJIaHUi MaTepian MpeAcTaBIeHui 0qHOPinHOI (pakiiero po3apobiieHol MOpoar, IpH 30ib-
IIeHHI KOMIIPECIITHOT0 MOy, Y)KOPCTKICTB 3aKJIaJHOTO MAaCHBY 301IbIIY€ETHCS, a yCaaKa 3MEHITYEThCS.

HayxoBa nHoBu3HA. JIoBe/ieHO, 10 3HaUeHHS KoedillieHTa YIIUIbHEHHS OAPiOHEHOT MOPOIY, SIKHI XapaKTepH3ye yCalaKy 3akiaJHoOTo
MacHBY, KOPEIIIOIOTECS TapaboJIoo 1 3aJIeXaTh BiJl IpaHyJIOMETPHIHOTO CKJIaLy BHXiTHOTO Marepiaiy. [Ipy HeomHOPiTHOMY TpaHyIOMETpH-
YHOMY CKJIQJli, 3HAUEHHS Koe]illieHTa YIIiIbHEHHS MPUIIMaroTh MaKCUMaJIbHi 3HAYEHHS, a UL 3aKJIaIHOTO MaTepialy 3 0OJHaKOBOIO (paKii-
€10 — 3MCHIIYIOThCS, Y Mipy 3MiHM HACHITHOI IIITBHOCTI pO3Apo0IeHOT MOPOAH.

IpakTnyHa 3HayuMicTh. {711 3a0e3medenHs cTiikocTi O1YHUX Mopif 1 30epexeHHs TIPHUYUX BUPOOOK B €KCIUTyaTalliiHOMY CTaHi, He-
00XigHO 3a0€3MeYnTH PIBHOMIPHY 32 00CATOM HEOIHOPITHICTH TPaHyJIOMETPHUYHOTO CKIAAY pPO3APOOICHOT MOPOIH, 10 BU3HAYAE 3/1aTHICTh
MOKPIBJIi 1 IPYHTY BYTUJIBHOTO IUIacTa e()eKTUBHO pearyBaTy Ha BIUIMB 30BHILIHIX ()aKTOPIB, 10 HPOSBISIIOTHECS B MACHBI 0CAI0BUX TiPCHKHUX
TIOPIiJ] ITPU BE/ICHHI TIpHUYHX POOIT.

Knrouoei cnosa: cmiiixicmv, NOKpigns, 6V2ilbHULL NIACH, OYUCHULL BUOILL, HANPYHCEHO-0eqhOPMOBAHULL CIAH, MOOETIOBANHS, eKEIBAIEHNTHI MAMepIiaiu

3KCHepl/IMeHTaJll)HbIe XapaKTCPUCTUKHU I[e(l)OpMaIII/IOHH])IX CBOIiCTB 3aKJaJ0YHbIX MaCCUBOB

. Uopnanos, 0. HoBukoga, }0. CumonoBa, O. Edpemos, E. [Tonkonaes, A. Koponb

Lenas. Onpenenuts AedopMannOHHbIE CBOWCTBA 3aKJIaJOYHBIX MAaCCHBOB, UCHOJIb3YEMbIX JUIS COXPAHEHHUS LEIOCTHOCTH YIJICIIOPOIHON
TOJIIIH, BMEIIAIOIIEH TOPHBIE BEIPAOOTKH.

MeToauka. st OCTIDKEHUSI IOCTaBISHHOI 1ieny ObIIM BBITOIHEHBI TaO0paTOpHBIE UCCIIEIOBAaHMS HA 00pasIax u3 IpoOJICHON TOPOABI
Pa3sHOTO IPaHyJIOMETPUIECKOTO COCTaBa, KOTOPHIE MOABEPTANIICH OMHOOCHOMY CXKaTUIO B CTAbHOM LMIHHAPE. DKCIEPUMEHTANbHBIE NaH-
Hble 00pabaThIBAINCh METOJAMH MaTeMaTHIECKOIH CTaATHCTHKY.

Pe3yabTaThl. B pesynbraTe BHITOIHEHHBIX J1a00PAaTOPHBIX UCCIIEAOBAHUN YCTAHOBIEHO, YTO IPU KOMIPECCHOHHOM CXKaTHUH 3aKJIa04-
HOTO MaTepuaia U3 ApoOIIeHOH MOpo.Ibl, MOYJIb NedopMaliy SBISIETCS IEPEMEHHOM BETNYUHON M 3aBUCUT OT 3HAUCHUS NTPUKIIAIBIBAEMON
HarpysKkH, a 3Ha4UT, HE MOKET IIPUMEHSTECS Kak (ru3ndueckas XapakTepHCTHKa 3aK/IaJOYHOro MaccuBa. Jloka3aHo, 4To MOAYJIb AehOopManiy
XapaKTepH3yeT KECTKOCTh 3aKJIaJOYHOTO MACCHBA, T.€. €T0 MPEeAeNIbHOE HANPSHKEHHOE COCTOsIHNE. BennunHy KeCTKOCTH, IPH MOCTOSTHHOM
BHEIITHEH HarpysKe, MOXHO PEryIHpoBaTh IPaHyJIOMETPHUECKAM COCTABOM APOOJICHHOH MOPOJBI. YCTaHOBIEHO, YTO AOCTIXKEHHE MaKCH-
MaJIbHOM yCaJKH 3aKJIaJOYHOTO MacCHBAa, 0OECIICUNBACTCS NPHU TEPEyaKOBKEe HEOJWHAKOBBIX IO pa3MepaM (ppakiuid ApoOIeHoH Topoas!
pu 00BEMHOM C)KaTHH 3aKJIaJJOYHOr0 MaTepuana. B ciydae, Korza 3aKkiaJovyHbId MaTepHal HPEACTaBICH OAHOPOIHOHN (pakuuerd npobie-
HOU MOPOJIBL, TP YBEIUYEHUH KOMIIPECCUOHHOI'O MOJYJIsl, KECTKOCTh 3aKJIaJOYHOTO MacCHBa yBEIUUUBACTCS, a YCalKa YMEHbIIIAeTCS.

Hayunas HoBu3Ha. J/Ioka3aHo, 4TO 3Ha4eHHs KOG HIMEHTa YIUIOTHEHHS APOOIEHOM MOPOIBI, KOTOPHII XapaKTepH3yeT yCaaKy 3aKia-
JIOYHOT0 MAacCHBa, KOPPEIUPYIOTCS Mapaboioi U 3aBUCAT OT IPaHyJOMETPUYECKOTO COCTaBa MCXOAHOTO MaTepuana. IIpu HeomXHOpOIHOM
IpaHyJIOMETPHUYECKOM COCTaBe, 3HaYeHHs KO PHIMEeHTa YITIOTHEHNS IPUHUMAIOT MaKCHMaNbHbIe 3HAUSHNS, a JUTS 3aKJIaJ0YHOTO MaTepH-
aja ¢ OMMHAKOBOH (ppaximeii- yMEeHbIIAITCS, [0 MEpEe N3MEHEHUS HACHIITHOM INIOTHOCTH APOOIJICHOH MOPOIBL.

IpakTHyeckasi 3HAYUMOCTb. 715 oOecriedeH st yCTOHIMBOCTH OOKOBBIX TTOPOJ M COXPAHHOCTU TOPHBIX BEIPAOOTOK B 9KCILTyaTallMOH-
HOM COCTOSTHHH, HEOOXOANMO 00€eCIeYnTh PaBHOMEPHYIO TT0 00BEMY HEOJTHOPOJHOCTh TPaHyJIOMETPHUIECKOTO COCTaBa APOOIEHOH MOPOEL,
YTO OMpenesieT CHOCOOHOCTh KPOBIH M TIOYBBI YTOJIBHOTO IUTAcTa 3((GEKTHBHO pPearnpoBaTh HAa BO3ACHCTBHS BHENIHUX (DAaKTOPOB, MPOSIB-
JISTFOLIMXCS] B MACCHBE OCAIOYHBIX TOPHBIX MOPOJ] TPU BEAESHUU FOPHBIX paboT.

Knioueswie cnosa: ycmoiinueocms, Kpoeis, y20nbHblll NAACH, OYUCTHOU 34001, HANPAICEHHO-0ePOPMUPOBAHHOE COCMOAHIUE, MOOENU-
poeaHue, IKGUEANEHNHbIE MAMEPUATb
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