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The object of the study was the deformation processes in backfill masses made of crushed rock, which are used for roof control in
mining panels. The study addressed the issue of preventing sidewall collapses by ensuring the stability of the backfill masses. Deforma-
tion processes were investigated using experimental models made of crushed rock that simulated various backfill structures. The study
considered uniaxial compression of crushed rock with lateral expansion capability, as well as compressive loading. Uniaxial compres-
sion was used to simulate partial backfilling of the gob area, while compressive loading represented complete backfilling. Under loading
conditions, a hyperbolic relationship was established between the relative volume change of the backfill material per unit of side rock
convergence, AV (m™!), and the compaction coefficient of crushed rock. This relationship enables the prediction of the material’s ulti-
mate settlement. The determining factor in this relationship is the relative deformation of the backfill mass. Under loading of crushed
rock and comparable compaction coefficient values, the difference in deformation properties reaches 2.5 to 3 times. This is recorded due
to the transformation of shape or change in volume under different compression conditions. It is shown that with an increase in the
parameter AV, the specific potential energy of deformation of the backfill material changes according to a logarithmic relationship.
The specific potential energy of deformation is determined by the mechanical properties and compression conditions of the crushed rock.

Maximum stability of gob-side retained entries can be ensured through complete backfilling of the gob area, while the expected
subsidence of the backfill mass depends on the initial backfill density and the deformation properties of the crushed rock used for filling.

Keywords: backfill mass, deformation, compaction, crushed rock, convergence, safe working conditions.

Received: 05.04.2025
Received in revised form: 05.06.2025
Accepted: 25.06.2025
Published: 30.08.2025

How to cite

© The Author(s) 2025
This is an open access article
under the Creative Commons CC BY license

https://creativecommons.org/licenses/by/4.0/

Tkachuk, O., Chepiga, D., Bachurin, L., Podkopaiev, S., Bachurina, Y., Podkopayev, Y, Rudynets, M., Visyn, O. (2025). Assessment of deformation processes in backfill masses using
crushed rock models. Technology Audit and Production Reserves, 4 (1 (84)), 50-57. https://doi.org/10.15587/2706-5448.2025.333869

1. Introduction

Underground coal mining is characterized by man-made impact on
the environment. One of the factors of such impact is the technology
of coal mining, with the release of waste rock to the surface. The waste
rocks accumulated in the dumps form unclaimed technological resources.

To place solid mining waste in a coal mine, the backfilling of the
gob area is used, which is an effective way to manage the mining pres-
sure in the extraction areas. This method allows for partial neutral-
ization of the harmful manifestations of mining pressure in the coal-
bearing rock mass caused by the extraction of minerals and ensures
the maintenance of mine roadways. The backfilling of the waste rock
in the gob area significantly reduces the effects of surface subsidence,
engineering structures, and facilities [1]. When carrying out mining
operations with the backfilling of the gob area, the problem of waste-
free and environmentally safe production is solvable [1, 2].

The accumulation of waste rocks, slags, and tailings creates environ-
mental and economic problems in mining areas. The maintenance of
mine waste dumps and tailings requires significant capital and material
costs [3]. Therefore, from an environmental and economic point of view,
the main factor that stimulates the use of waste rocks from mine dumps
and tailings as backfill materials is the reduction of land areas used for
the construction of waste storage facilities. Land is released that can be
used for agricultural needs. When using waste rocks, the gob area and

gob-side retained entries are converted into a landfill for the placement
of solid waste. As a result of backfilling the gob area, the movement of
the overburden and underlying strata is limited, ensuring stabilization
of the rock mass. The backfill material compensates for the stress relief
in the coal-bearing rock mass and contributes to the gradual bending of
the lateral rocks. Conditions are created around the mine workings that
prevent uncontrolled roof collapse and maintain its stability. However,
such a geomechanical state is only achieved within a certain range of
deformation properties of the backfill material from the waste rocks.
Based on this, an important scientific challenge arises: the use of waste
rocks as backfill material. Among the key objectives are maintaining
the stability of the gob-side retained entries and improving the safety
of miners in the coal mine extraction panels by avoiding collapses of
surrounding rocks. However, to address this challenge, it is necessary
to understand the physical nature of deformation processes in the back-
fill mass composed of crushed rock and to determine their impact on
the stability of the surrounding strata and gob-side retained entries.

When roof control is implemented by backfilling the gob area with
rock material, the artificially created backfill mass functions as a support-
ing structure and affects the evolution of stress-strain parameters of the
coal-rock mass [4]. Indeed, the experience of mines with the backfilling
of the gob area demonstrates an improvement in the geomechanical
conditions around the mine workings. According to industry regula-
tions, the use of full backfilling may eliminate the need for additional
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mine roadway protection methods [5]. At the same time, certain studies
emphasize the importance of considering the lateral deformation of
the backfill masses on the stability of the mine workings [6]. Backfll
materials, by partially compensating for the extracted coal body, allow
limiting the movement of surrounding rock within the gob area of ex-
traction panels in coal mines [7]. The use of waste rocks helps to reduce
the volume of transportation of rock mass, as well as mine waste dumps
on the surface. However, the main challenges associated with the use of
waste rocks for backfilling include the need for additional crushing and
the difficulties of placing them within the gob. Furthermore, waste rock
is generally characterized by low bearing capacity.

To ensure the stability of gob-side retained entries, it is proposed to
use a hardening backfill, with components that may include waste ma-
terials from mining operations [8]. When using this method of backfill-
ing the gob area, the issue of preparing multicomponent mixtures and
controlling the hardening process of materials has not been resolved
to a certain extent.

The mechanism for improving the condition of the surrounding
rocks near the workings lies in the interaction between the compacting
backfill and the subsiding roof, when the cracks of the fracture zone
above the backfill become closed [9]. However, this effect can only be
achieved if the backfill mass provides sufficient load-bearing capacity.

To assess the bearing capacity of backfill masses, it is advisable
to take into account the deformation modulus of the crushed rock
material [10]. It should be noted that the changes in the deformation
modulus during the loading process make it possible to estimate both
the elastic and residual deformations of the backfill. Approximately
equal values of the deformation modulus indicate the repacking process
of the source material under compression.

The known advantages of mining technologies that involve backfill-
ing of the gob area are not fully realized in some cases, which requires
further study of the deformation processes under varying compres-
sion conditions. The assessment of the bearing capacity of artificially
created masses composed of crushed rock is based on the study of the
deformation characteristics of backfill materials as bearing supports.
Scientific research on this issue is important. The application of such
findings will allow for improved measures to maintain the stability of
gob-side retained entries, as well as ensuring safer working conditions
for miners in extraction panels of coal mines by preventing collapses
of surrounding rock.

a similar pattern. This similarity can be used to predict the bearing
capacity and behavior of backfill masses under loading. The internal
potential energy of crushed rock backfill masses under loading reaches
critical levels at which the stress-strain state of the supporting structures
is realized. When these levels are exceeded, the backfill material deforms,
and the artificially created mass may change its behavior, which affects
the safe operation of the gob-side retained entries. Under such condi-
tions, energy indicators of deformation play a significant role, as they de-
fine the deformation capacity and bearing capacity of the backfill masses.

Backfill masses composed of crushed rock were modeled under
general conditions of partial or full backfilling of the gob area. Accord-
ingly, uniaxial compression of the crushed rock with the possibility of
its lateral expansion and compression loading was considered.

Deformation processes in the crushed rock masses were studied
under laboratory conditions and evaluated based on the analysis of
the backfill mass model behavior. Model parameters were determined
considering geometric and force similarity, assuming identity of dimen-
sionless characteristics [11-13].

The internal friction angle of the model material and the natural
material are identical and equal to 23°; the Poisson’s ratio for both
materials is also the same and equals 0.25.

Geometric similarity is ensured by a single scale ratio relating the
sizes of model samples and grains of the model material to the thickness
of the extracted seam and the size of rock fragments used for mechani-
cal backfilling. A geometric modelling scale of 1:25 was adopted both
for the height of the model samples and for the granulometric com-
position of the crushed rock. The height of the samples is 0.04 m, thus
corresponds to a seam thickness of 1.0 m.

As the source material, sandy-clay shale with an in-situ density of
2438 kg/m? and a bulk density of 1350 kg/m? was used. The fraction
size of the backfill mass in mine conditions was taken as 0.1-150 mm,
with Dgy = 120 mm. The same rock, crushed to a fraction size of
0.1-5 mm, which also corresponds to the 1:25 scale, was used as the
model material. Sieve analysis data for the crushed rock for the experi-
mental samples are presented in Table 1 and Fig. 1.

The crushed rock is poorly graded (coefficient of uniformity C, =
= Dgo/Dio = 296/0.494 = 6 > 4). The grain-size distribution is well-graded
(coefficient of curvature C, = D}, / ( D,D,, ) =161° / (O.494~2.96) =178is
within 1-3), and the material is well structured. Dgg = 4.5 mm.

The aim of the research is to reveal the specific features Table 1
of deformation processes in backfill masses composed of Sieve analysis data of crushed rock for experimental models
crushed rock under loading, as well as to assess the impact Eraction % of total volume Bulk densice. | Poissons
of these processes on the bearing capacity of the backfill as size mm oy k /m3y’ ratio. v
a bearing support. This will ensure the stability of gob-side ' >5 | 45|34 123 |12 |01-1]<01] PrR8 ’
retained entries and work safety in the extraction areas of 0.1-5 2 16 | 21 | 24 | 18 16 3 1810 0.25
coal mines by preventing collapses of lateral rocks in the
gob area of the coal mass. 100

To achieve this aim, the following objectives were set: 90

- to investigate the variation of the specific potential energy of de- 30

formation of backfill masses depending on the mechanical proper- 70

ties and compression conditions of the crushed rock; 260

- to determine the ultimate compaction coeflicient and the ulti- g 50

mate relative deformation of the crushed rock under different com- 2 40

pression conditions. 30

20
2. Materials and Methods 12 /
0.1 1 10

The object of research is deformation processes in backfill masses
composed of crushed rock, which are used to control the state of sur-
rounding rocks within the extraction panel.

The research hypothesis is that despite differences in the stress-
strain state under varying compression conditions of the backfill mass,
the energy characteristics of deformation and compaction exhibit

Size (mm)

Fig. 1. Cumulative grain-size distribution curve of crushed rock

To study the deformation processes in the backfill mass under uni-
axial compression with lateral expansion, crushed rock was placed in
a fabric shell (experimental models No. 1, 2). The dimensions of the
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experimental models were: width 0.04 m, length 0.08 m, and initial
height 0.04 m. Samples were placed between plates made of sand-ce-
ment mixture, simulating the immediate roof and floor strata.

During modeling, the identity of the equilibrium equations in both
natural and model conditions was ensured, along with the reproduc-
tion of the corresponding deformation conditions. At the same time, to
achieve mechanical similarity between the model and the real material,
equality of weight parameters was disregarded, since the action of grav-
ity does not affect the deformation processes in the experiment.

Loading conditions were simulated for a depth of 1000 m, which,
given an average in-situ rock density of 2400 kg/m?, corresponds to
a pressure of 24 MPa. Testing of the models aimed to achieve the same
level of loading.

Deformation similarity under such conditions is achieved auto-
matically since dimensionless indicators - relative deformation and
compaction coefficient — are studied.

To study deformation processes in the backfill mass without lat-
eral expansion (full backfilling), compressive loading of crushed rock
(model No. 3) inside a steel cylinder filled with backfill material was
applied. This technique is traditionally used to model backfill masses
and the behavior of collapsed rocks in the gob area [14]. The cylinder
has a diameter of 0.075 m and a height of 0.075 m.

Under loading, the mechanical stress & (Pa or N/m?) is equal to the
pressure and is defined as

®)

o=—.
S
The specific potential energy of deformation or the density of de-
formation energy U (M]/m?) of the experimental models was deter-
mined by the relation [15]

2
o

U=—o, 3
2E, ®
where E, - the deformation modulus, N/m?.

The relative volume change of the material during loading of
the models under uniaxial compression with lateral expansion of the
crushed rock was determined by the expression

SV=(1-2v)a, 4
where v - the Poissons ratio (v = 0.25 [3]).

Under compressive loading conditions, the relative volume change
of the backfill material equals the vertical relative deformation

Characteristics of the experimental models composed of crushed 5V=£=A_h=l (5)
rock are presented in Table 2. The general appearance of the experi- Vooh
mental models is shown in Fig. 2.
ol Under uniaxial compression of crushed rock
Table 2 with lateral expansion, the potential energy of de-
Characteristics of experimental models composed of crushed rock formation can be divided into the energy spent on
. volume change, U,, and the energy spent on shape
Sample size, m Ie ional | Vol £ backfill )
Loading type ross's‘;f“"?a o um‘f; Vac X change, U,. The ratio of these components of po-
width, & | length, 2 | heighe, b, | €42 ™ material, 7, m tential energy of deformation under uniform load-
Undaial - " ing depends on the value of Poissons ratio [15]
fHaa compression With 1 0,04 0.08 0.04 0.003 0.00012
lateral expansion
U, 2(1+v) ©
Compressive !oading radius 7 = 0.0375 0.063 0.0044 0.0027 U 1= .
(compression)

Fig. 2. Appearance of experimental models: 2 — for compressive loading; & — for compression with
lateral expansion: 1 — steel cylinder, 2 — stamp, 3 — crushed rock

Uniaxial compression of the crushed rock with lateral expansion
of the material simulated the loading of the backfill mass under partial
backfilling of the gob area. Compressive loading of the crushed rock
simulated the loading of the backfill mass under full backfilling of the
gob area. The experimental models were placed between metal plates
of the P-50 press and subjected to gradual loading. During the tests, the
deformation of the model 45 (m), and the corresponding load, F (kN),
were recorded at each stage of incremental loading.

The relative deformation A of the experimental models was deter-
mined by the expression

_ab
i

0

A 1)

Under compressive loading conditions, the en-
ergy of shape change, U, can be neglected since the
volume change due to compaction predominates.

The compaction coefficient of crushed rock,
keomp, was determined using the parameter AV un-
der uniaxial compression of experimental models
with lateral expansion of the crushed rock. Under
compressive loading, k., was calculated as the
ratio of the volume occupied by the crushed rock
before compaction to the volume of the material
after compaction

Vv 1

k., = = .
VAV 1-8V

(7)

The specific volume change of the backfill material per unit of
convergence of lateral rocks, AV (m™!), during loading of the experi-
mental models was determined by the expression [16]

oV

AV, =——r, 8
: AU!XV ( )
where AU - the average displacement increment.
The average displacement increment was determined as
AU, + AU,
AU, = ©)

where AU, - the displacement increment, mm.

s
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The displacement increment AU (mm) as the load increas-
es was determined by the expression

AU, = Ah,—Ah,_, (10)
where i — the measurement interval number.

This approach allows for the assessment of deformation
processes in crushed rock under various compression condi-
tions and the analysis of their impact on the bearing capacity
of backfill masses placed in the gob area.

3. Results and Discussion

Tables 3, 4 present the experimental data on the loading
of models under uniaxial compression of crushed rock with
lateral expansion of the backfill material (o, = o3 = 0).

Compressive loading represents a special case of triaxial
compression with additional boundary conditions that prevent
lateral expansion of the material (¢, = &3 = 0). Table 5 presents
the experimental data of the model loading under compressive
loading conditions of the backfill material.

Based on the experimental data presented in Tables 3-5,
a comparative analysis of deformation processes in the crushed
rock model material was performed.

Fig. 3 shows graphs of the change in relative deforma-
tion A of the experimental models as a function of the applied
load F (kN) under different compression conditions.

Table 5

Experimental data of the loading of the model No. 3 composed of crushed rock
under compressive loading conditions

F kN | 4h,m ) AV | AV m™ | o, MPa | U MJ/m? | ke
10 | 0001 | 0016 | 0.016 - 226 | 0018 1.02
20 | 0005 | 0079 | 0079 | 31746 | 453 | 0.180 1.09
30 | 0006 | 0.095 | 0.095 | 38095 | 679 | 0323 L11
40 | 0009 | 0.143 | 0.143 | 71429 | 9.05 | 0.647 117
50 | 0012 | 0190 | 0190 | 63492 | 1132 | 1078 1.24
70 | 0013 | 0206 | 0206 | 103.175 | 1585 | 1.635 1.26
80 | 0014 | 0222 | 0222 | 222222 | 1811 | 2012 1.29
100 | 0019 | 0302 | 0302 | 100529 | 22.64 | 3413 1.43
110 | 0021 | 0333 | 0333 | 95238 | 2490 | 4150 150
120 | 0022 | 0349 | 0349 | 232.804 | 27.16 | 4743 1.54
140 | 0023 | 0365 | 0365 | 365079 | 3169 | 5785 1.58
150 | 0.024 | 0381 | 0381 | 380.952 | 33.95 | 6467 1.62
155 | 0.024 | 0381 | 0381 | 761.905 | 35.09 | 6.683 1.62

Table 3 07

Experimental data on the loading of model No. 1, composed of crushed rock of fraction (0.1-5 mm)
under uniaxial compression with lateral expansion of the backfill material

FEKN | Ah,m | S m? A AV | AV m™ | Ey MPa| 6, MPa | U, MJ/m® | keyy
10 0.005 | 0.0032 | 0.125 | 0.063 - 24.9 3.1 0.19 1.067
20 0.009 | 0.0034 | 0225 | 0.113 | 32.143 | 259 5.8 0.65 1.127
30 0.015 | 0.0039 | 0375 | 0.188 | 37.500 | 20.5 7.7 1.44 1231
40 0.016 | 0.0040 | 0400 | 0200 | 57.143 | 25.0 10.0 2.00 1.250
60 0.019 | 0.0044 | 0475 | 0238 | 118.750 | 29.0 13.8 3.27 1311
70 0.021 | 0.0047 | 0.525 | 0.263 | 105.000 | 28.6 15.0 3.94 1356
80 0.023 | 0.0050 | 0.575 | 0.288 | 143.750 | 27.7 15.9 457 1.404
90 0.025 | 0.0055 | 0.625 | 0313 | 156250 | 262 164 5.11 1.455
100 | 0.026 | 0.0058 | 0.650 | 0.325 | 216.667 | 26.6 17.3 5.62 1.481
Table 4

Experimental data on the loading of model No. 2 composed of crushed rock of fraction (0.1-5 mm)
under uniaxial compression with lateral expansion of the backfill material

FKN | A4b,m | S, m? A AV | AV m™ | Ey MPa| o, MPa | U, MJ/m? Keomp
10 0.003 | 0.0031 | 0.075 0.038 - 4.7 32 0.12 1.04
20 0.008 | 0.0034 | 0.200 0.100 25.000 29.6 5.9 0.59 1.11
30 0.01 0.0035 | 0.250 0.125 35.714 34.3 8.6 1.07 1.14
50 0.015 | 0.0039 | 0.375 0.188 53.571 34.2 12.8 2.40 123
70 0.02 0.0045 | 0.500 0.250 50.000 31.1 15.6 3.89 1.33
80 0.023 | 0.0050 | 0.575 0.288 71.875 27.7 15.9 4.57 1.40
100 0.024 | 0.0053 | 0.600 0.300 | 150.000 31.7 19.0 5.71 1.43
110 0.025 | 0.0055 | 0.625 0.313 | 312.500 32.0 20.0 6.25 1.45
118 0.026 | 0.0058 | 0.650 0.325 | 325.000 314 20.4 6.63 1.48

0.6

0.5

0.4

0.3

0.2

0.1

00
0 20 40 60 80

100 120 140 160
F, kN

Fig. 3. Graphs of relative deformation 4
versus applied load F (kN):
1, 2 - under uniaxial compression
with lateral expansion; 3 — under compressive
loading conditions

Under uniaxial compression of crushed
rock, the relative deformation of model No. 1
reaches a maximum value of 4 = 0.65 at
a load of 100 kN (Fig. 3, curve 1). For
model No. 2, the maximum relative defor-
mation A = 0.65 was recorded at a load of
118 kN (Fig. 3, curve 2).

Under compressive loading of crushed
rock, the maximum relative deformation
A =038 is reached ataload of 155 kN (Fig. 3,
curve 3).

Fig. 4 shows graphs of the influence of
mechanical stress o (MPa) on the relative
deformation A of the experimental models.

Model No. 1. It was recorded that with
an increase in stress from 3.1 to 17.3 MPa,
the relative deformation increases from 0.12
to 0.65 (Fig. 4, curve 1).
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Model No. 2. Under conditions where the stress increases from
3.2 to 20.4 MPa, the relative deformation changes from 0.075 to 0.65
(Fig. 4, curve 2).

Under uniaxial compression (models No. 1 and No. 2), the cross-
sectional area of the samples changes approximately 2 times (Tables 3, 4).

Model No. 3. Under compressive loading of crushed rock with in-
creasing stress from 2.26 to 35.1 MPa, the relative deformation changes
from 0.016 to 0.38 (Fig. 4, curve 2).

40
35 /o
30
25
20

o, MPa

15
10

00 01 02 03 04 05 06 07

A

Fig. 4. Graphs of the relationship between mechanical stress o (MPa)
and relative deformation A: 1, 2 — under uniaxial compression with lateral
expansion; 3 — under compressive loading conditions

Fig. 5 presents graphs of the change in the specific potential energy
of deformation with increasing relative volume change of the backfill
material per unit of convergence of the lateral rocks A V.

U, MJ/m?
N oW A O N ©

0 100 200 300 400 500 600 700 800
AV, m™!

Fig. 5. Graph of change in specific potential energy
of deformation U (M]/m?) with relative volume change of the backfill
material per unit of convergence of lateral rocks A7 (m™): 1, 2 — under
uniaxial compression with lateral expansion; 3 — under compressive
loading conditions

For the experimental models composed of crushed rock under
different compression conditions, an exponential growth of the para-
meter AV is recorded with an increase in the specific potential energy
of deformation of the backfill material. A logarithmic relationship is
established between the studied parameters (the regression equation
and the determination coefficients were obtained using the "Regression’
tool of the "Data Analysis” package in Microsoft Excel).

For model No. 1, the relationship is of the form

U =2527In(AV, ) 8035, (11)
with a determination coefficient R* = 0.96.

For model No. 2, the relationship is of the form

U=22513In(AV, )61, (12)

with a determination coefficient R* = 0.88.

For the compressive loading conditions (model No. 3), the relation-
ship is of the form

U =22247In(AV, )~7.78, (13)
with a determination coefficient R? = 0.80.

Fig. 6 shows the graphs of the average increase in the deformation

of the samples and the corresponding change in the specific potential
energy of deformation.

0.0045
0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000

AU,,m

U, MJ/m*

Fig. 6. Graph of the change in the average deformation increment
of model samples AU, (m) and the corresponding change in the specific
potential energy of deformation U (M]J/m?) under the following conditions:
1 - uniaxial compression with lateral expansion (averaged curve based on
both experiments); 2 — compressive loading

It was recorded that under uniaxial compression of crushed rock,
the area of the sample initially increases due to gradual lateral spreading.
During this stage, the deformation increment remains conditionally
constant (at the level of 3-4 mm for every 10 kN of applied load) until
the specific potential deformation energy reaches about 4-4.5 MJ/m”.
With further increase in deformation energy, compaction of the
crushed rock core occurs, as indicated by the decrease in the average
displacement increment (Fig. 6, curve 1). Under these conditions,
most of the deformation energy is spent on changing the shape of the
backfill mass.

Under compressive loading of crushed rock, gradual repacking
of grains occurs simultaneously with volume reduction of the backfill
material — also up to the specific potential deformation energy level of
4-4.5 MJ/m? (Fig. 6, curve 2). The reduction in the average increase
in deformation occurs after the compaction potential of the crushed
rock is exhausted, because of grain rearrangement, which leads to
an increase in the resistance of the backfill mass. In this case, almost
all the deformation energy is spent on changing the volume of the
backfill mass.

Fig. 7 shows a graph of the relative volume change of the backfill
material per unit of convergence of the lateral rocks as a function of the
compaction coefficient of crushed rock.

It was recorded that as the compaction coefficient approaches its
maximum values, the parameter AVy increases progressively. Given
that the compaction coefficient has a certain limiting value, the rela-
tionship is expected to be hyperbolic, with the asymptote correspond-
ing to the ultimate compaction level.

Based on the results of regression analysis performed in Mathcad,
a relationship between the studied parameters was established, expressed
by the equation

2951
132-0783k

comp

(14)

K

with a determination coefficient R* = 0.872.
Similar relationships are observed for the relative volume change of
the backfill material per unit of convergence of the lateral rocks, A4V, with

;54
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increasing relative deformation A of the supporting structures (Fig. 8).
At the same time, the expected difference in the deformation is ob-
served between models allowing lateral expansion of the original ma-
terial and the model under the of its compressive loading conditions.

800

700

600

500 '

400 !

AV, m

300 ’

200 .

100 o S .,
0

1.0 141

Fig. 7. Graph of the relationship between the relative volume change of the
backfill material per unit of convergence of the lateral rocks A7 (m™")
and the compaction coefficient of the crushed rock £,

800
*
700
a1
600
| * 2
1
_ 500 h .3
E '
3 1 !
S
3 400 i‘ "
1 1
A
300 | 4
Il 1
¢ 1
200 * L '
’ /
’ oat
100 o AP
* »~ _,’ A
& A—o&—"%‘ +
0
00 01 02 03 04 05 06 07 08

A

Fig. 8. Graph of relative volume change of the backfill mass per unit of
convergence of lateral rocks 47 (m™!) from the relative deformation 4
of the experimental models: 1, 2 — under uniaxial compression with
lateral expansion; 3 — under compressive loading conditions

Ahyperbolic relationship was established between the studied para-
meters. For uniaxial compression with lateral expansion (models No. 1, 2),
the relationship is of the form

22577

—, (15)
0.866—1.208

K

with a determination coefficient R? = 0.939.
For compressive loading conditions (model No. 3), the relationship
is of the form

2417

_— (16)
0.732—18114

K

with a determination coefficient R? = 0.888.

The asymptotic nature of the given dependencies (15)-(17) allows
to calculate the limiting values of the compaction coefhicient (1.685) and
the relative deformation (0.717 and 0.404 for uniaxial and compressive

loading, respectively). Using formula (7), the limiting value of the rela-
tive volume change of the backfill material can be calculated as

sV=1-———1-—L__o407,
k 1685

comp
or 40.7%, which corresponds to the calculated asymptotic value of the
relative deformation (0.404). For comparison, in [17], the maximum
shrinkage reserve of the crushed rock backfill mass with a fractional
composition of 0-140 mm and a loosening coefficient of 1.7 was de-
termined to be 41.9%, indicating that the results are fully equivalent.

The deformation properties of backfill materials under loading are
characterized by the deformation modulus E which is the ratio of me-
chanical stress to the relative deformation caused by it. The average value
of the deformation modulus of the backfill material under uniaxial com-
pression ranges between 26-33 MPa. The deformation modulus under
compressive loading gradually increases from 57 to 92 MPa. The higher
the deformation modulus, the greater the materials resistance to loading.
Thus, at comparable compaction coefficients, the difference in the de-
formation characteristics of the backfill material reaches 2.5-3 times and
is essentially determined by the loading conditions.

During uniaxial compression of experimental models, when an
increase in the cross-sectional area is recorded (Tables 3, 4), the for-
mation of the bearing core of the backfill material is observed. Irre-
versible deformations in the backfill material occur at the initial loading
stage, when the model expands in the direction perpendicular to the
applied load. After reaching the maximum compaction coefhicient of
the crushed rock ko, = 1.48, longitudinal deformations reflect the
shrinkage of the crushed rock and the change in volume of the backfill
material. Transverse deformations indicate shape change effects of the
maximum compacted volume of the backfill material. The deformation
energy of the backfill material under these conditions is mainly spent
on shape change (Uy/U,).

The density of deformation energy increases with increasing rela-
tive deformation, indicating compaction of the crushed rock within
the total volume of the backfill material. The subsequent behavior of
the supporting structures depends on the stability of the bearing core
of the backfill material (if lateral expansion is possible) or the presence
of a compaction reserve.

Under conditions of the compressive loading of the crushed rock,
changes in the height and volume of the experimental model occur due
to the shrinkage of the backfill material. In the experiment, the maxi-
mum compaction coeflicient of the crushed rock, 1.62, was reached at
aload of 150 kN, which remained unchanged with further loading up
to 155 kN, after which loading was stopped. The calculated limiting
compaction value allows predicting the maximum shrinkage of the
backfill mass and the expected displacements of the roof rocks in the
gob-side retained entries.

Under both uniaxial and compressive loading of the backfill mate-
rial, a redistribution of crushed rock grains occurs; however, in the first
case, this is accompanied by changes in both the shape and volume of
the backfill mass, while in the second case — only in volume.

Changes in the geometry of backfill masses and the conditions of
loading and deformation significantly affect their bearing capacity. The
greatest effectiveness of gob backfilling is achieved when continuous
backfill masses are formed. In a continuous mass, the crushed rock is
subjected to compressive loading. The bearing capacity of the backfill
material increases, and the intensity of its deformation decreases due
to the reactive resistance of the crushed rock (i. e., increased resistance).
With partial backfilling of the gob area, the backfill material operates
under uniaxial compression with lateral expansion of the crushed rock,
which causes greater shrinkage and lower bearing capacity.

Under real coal seam mining conditions, the backfill material per-
forms the functions of supporting structures. Once the resistance of
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the backfill masses increases, the movement of the surrounding rock
around the mine workings becomes limited, which positively affects
the performance of the support system. The greatest effectiveness
of gob backfilling is achieved through the formation of continuous
backfill masses.

Despite the difference in loading conditions under partial and full
backfilling, there are common features in the deformation processes
that occur in the backfill masses, which determine their mechanical
properties as bearing supports. In particular, this allows making deci-
sions on the feasibility of using full or partial backfilling based on the
assessment of expected pressure on the backfill mass and the allowable
convergence of the lateral rocks in supported mine roadways, taking
into account the nominal yielding capacity of the support system.
The research findings can be applied in the extraction of coal seams
with moderately to highly collapsible roof rocks. Considering that the
degree of additional crushing of the backfill material under pressure
depends on its strength properties, the established patterns require
verification when applying other types of rocks for backfilling. As for
partial backfilling or the protection of mine workings using backfilled
walls, it is advisable, based on the established patterns, to study the
influence of the geometry and placement of such walls in the gob area
on the deformation processes.

4., Conclusions

Based on a comparative analysis of deformation processes oc-
curring in the backfill masses composed of crushed rock with a non-
uniform grain-size distribution, an assessment of their bearing capac-
ity was carried out, which influences the condition of the surround-
ing rocks and gob-side retained entries of the coal mine extrac-
tion panel.

During the deformation of backfill masses, the work of external
forces, which arises due to stress relief in the coal-bearing rock mas-
sif, is spent on changing their shape and/or volume. At the same time,
the change in the total specific potential energy of deformation of the
backfill masses depends on the mechanical properties and exhibits
a similar pattern under different compression conditions (uniaxial
and confined):

- the density of deformation energy follows a logarithmic rela-
tionship with the relative volume change of the backfill material per
unit of convergence of the lateral rocks, 4V (m™);

— the most intensive shrinkage — both with partial and full backfill-
ing - occurs within the deformation energy density range of 4-4.5 MJ/m?

— the compaction reserve of the backfill material is exhausted when
the deformation energy density reaches 5.6-6.7 MJ/m>.

These findings confirm the research hypothesis regarding the pres-
ence of common patterns that can be used to predict the bearing capac-
ity of the backfill masses and their behavior under loading.

A hyperbolic relationship between the parameter AV and the
compaction coefficient and the relative deformation of the crushed
rock has been established. The nature of this relationship allows for
predicting the ultimate shrinkage of the backfill mass and, accord-
ingly, the expected displacements of the roof rocks in the gob-side
retained entries.

The identified patterns can be used to justify technological solu-
tions for roof control that prevent the collapse of lateral rocks and ensure
the stability of gob-side retained entries in the extraction panels. For
this purpose, similar studies of the deformation properties of the backfill
masses with the addition of hardening solutions, as well as options for
partial backfilling with artificial restriction of lateral expansion of the
backfill material, or in combination with other protective structures.
This will further enable the development of measures aimed at improv-
ing the efficiency of coal mining and creating safe working conditions
for miners in coal mines.
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