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Abstract. In order to develop effective measures to ensure the operational condition of the development
workings behind the face in the conditions of soft footwall rocks, the construction of local reinforced zones

under the protection means has been proposed. The presence of such zones allows transferring the current
load deep into the massif and creating a stable foundation under the protective structure. The results of

researches concerning establishment of rational parameters of local reinforced zones with application of the
method of finite elements, the method of experiment planning and the method of statistical processing of these

results have been presented. The empirical dependence of the subsidence of the local reinforced footwall
under the protection means on their load, deformation characteristics of the local reinforced zone and host
rocks, width of protection means, strength of soft underlying rocks and geometric dimensions of the zone has
been determined. The relative indicator of efficiency of local strengthening of a footwall which is used for
determining of rational parameters of a locally reinforced zone has been offered.

1 Introduction

Recently, there has been a tendency in Ukraine to reduce
coal consumption and switch to alternative energy
sources. But coal will not lose its relevance because of its
strategic importance to the state, as thermal power plants
account for 31% of electricity generation. Nuclear
generation has the largest share (55.6 %), but it is import-
dependent due to the impossibility of having a closed
nuclear fuel cycle within the country [1]. Therefore, the
replacement of thermal energy with nuclear energy makes
our country energy-dependent.

It is impossible to completely copy the models of
European economies, as the level of development of
industries, raw materials base, and export and import
orientation in Ukraine differ significantly. It is
unacceptable that a state that has its own coal resources
exports it from Russia and Kazakhstan. In Kazakhstan
coal still remains and will definitely remain the main
source of energy in the near future, despite the fact that
the country is a world leader in uranium mining [2], which
has been increased several times over the past 15 years
due to underground leaching [2, 3]. As a result, a
considerable share of the country's export is accounted for
uranium, coal and electricity. Therefore, the extraction
and development of mineral resources is a strategically
important task for Kazakhstan and Ukraine.

In Ukraine most of the resources are extracted with the
underground method in conditions of high mining
pressure. For ore deposits the main problem is efficient
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crushing of strong rocks [4] and ensuring the stability of
workings and chambers at depths of 1115-1900 m [5-7],
whereas in coal mines the situation is more complicated
due to soft adjoining rocks, water content, disturbance of
coal seams, and so on. The negative impact of these
factors affects the general condition of the mine workings
at depths of more than 300 m, especially preparatory ones,
which are additionally exposed to actual works.

Coal mines have recently been using the development
systems that provide the maintenance of workings behind
the faces and construction of protection means on the
boundary with the mined-out spaces [8-10]. However, in
the case of soft footwall rocks, the protection means are
mostly ineffective, as they act as dies [11-13], from which
the rocks are extruded into the protected workings, and
together with the contraction and subsidence of the means
there happen significant displacement of the roof rocks
areas around the working and the final section of face. In
such conditions the question of providing proper rigidity
of rocks under the protection means for maintenance of
operational state of the protected workings is topical.

An effective measure in the conditions of soft footwall
rocks is to construct the local reinforced zones in the rocks
of the footwall under the protection means, the presence
of which allows transferring the load into the massif and
creating a steady foundation under the protective
construction. In this direction, it is necessary to conduct
comprehensive research to determine the rational
parameters of such zones in specific conditions.
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2 Methods

The creation of local reinforced zones on the contour of a
working is achieved to ensure its rigidity. This is
evidenced by the results of research presented in [14-17].
The idea of making a local reinforced zone under the
means of protection was first proposed in [18]. It is
provided to place such a zone in soft rocks under the
protection means to ensure their rigidity by making a
holistic or consolidated construction (Fig. 1) using
anchors [14, 19-23] or fastening mixtures [14, 20]. This
design is able to withstand the loads coming from the
protection means.
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Fig. 1. Schemes of placement of protection means 1 over the
local reinforced zones 2 with different shapes and deepening
(1 - means of protection, 2 - local reinforced zone, 3 - area of
boundary equilibrium, ¢ and b - respectively, the load on the
protection means and its width, /1 and b1 - respectively, height
and width of the local reinforced zone) [18].

Making under the protection means the local
reinforced zone, in which the total deformation modulus
is greater than the total deformation modulus of the
footwall rocks, allows preparing in advance for the
protective structure a rigid base that transfers load onto
the massif. It increases the resistance of the footwall
rocks, reduces the subsidence of the protective means
according to the level of the footwall surface and reduces
the displacement of the roof rocks. Since the part of the
extrusion force from the foundation is directed deep into
the footwall, it reduces the displacement of the footwall
rocks in the working.

The efficiency of creation of such zones has been
proved by the results of physical (Fig. 2) and numerical
simulations (Fig. 3) [18], according to which it has been
found that: laying a protective construction below the
footwall surface reduces the displacement in the working
and save its residual area by more than 82%; the average
depth of the local reinforced zone in the range of
0.8<d/b<2 can be considered effective; to determine
rational parameters of the local reinforced zone under the
protection means, it is sufficient to limit the parameters
that determine the stress state of the underlying rocks,
namely: strength and deformation characteristics of this
zone under the protection means, its shape, depth and
width, as well as the characteristics of the footwall rocks.

Fig. 2. General view of workings and protective constructions
without deepening (a) and with deepening (b) in the model of
equivalent materials at the end of measurements.
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Fig. 3. General view of deformed grids of finite-element models
at different relative size of depth of the protection means d/b (d
- value of the depth, b - width of the protection means) to
determine the relative residual cross section of the working Sk /
Sn (Sn, Sk - the cross-sectional areas of the working respectively,
before and after the model calculation) [18].

In the simulations it was assumed that the means of
protection were under a steady load, and the strength of
the local reinforced area was equal to the strength of the
material of the protection means. Therefore, the means of
protection and the area under it were considered as a
holistic construction. Such simplification allows to
establish the range of deepening of a construction and to
establish the factors which need to be considered at
determining parameters of local zones. However,
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according to the results of the research, it is not possible where E,- is the modulus of the total deformation of the
to determine rational parameters of the zone for certain direct footwall layer, MPa; L,- is a coefficient of relative
protection conditions of a working. Therefore, there is a transverse deformation of this layer.

need for additional research that would be devoted to the This expression has been obtained according to the
development of methods for determining the parameters results of numerical simulation. It has a coefficient of
of local reinforced zones under the protection means for determination R?=0.9, and correlation - » =0.949, which
specific mining, geological and technical conditions. indicates a strong correlation. In addition, >Zcitcal value

(75.3>1.96) and F>Flitical vae (1883.9>2.62), so the
relationship can be considered reliable; the correlation
and determination coefficients are statistically significant,
and the regression equation is statistically reliable.
According to the results of simulations [18], we can
assume that the value of U," depends on the shape of the
local zone, its depth and width, as well as the strength and
deformation characteristics of this zone and the
underlying rocks. Peculiarities of the affect of bearing
pressure on the underlying rocks depend on many factors,
which include the structure and physical and mechanical
properties of interlayer rocks, the angle of a seam
inclination, the peculiarities of the development system,
the roof control method, and the speed of a face
displacement [26]. Let's limit to the parameters that must
be changed in the model to establish the functional
dependence: the magnitude of the load, the rigidity of the
protective construction, its weight, width and height, as
well as an indicator that characterizes the compressibility
U, of the footwall rocks.
o TUT (1) In general, the dependence of the amount of
b subsidence of the footwall surface under the protection
means, in the presence of a local reinforced zone, from the
influencing factors, may be determined by the expression

3 Results and discussion

To determine rational parameters of local reinforced
zones under the protection means, it is advisable to use the
results of research as for determining the displacements of
adjoining rocks around these means [24] and the
effectiveness of laying these zones [18].

Local fixation of the partially destroyed massif and
creation the blocks with greater strength than the
surrounding rocks allows preserving the integrity of this
massif and promotes self-wedging of the destroyed rock
blocks in the process of movement [20]. As a criterion for
determining the effectiveness of making a local reinforced
zone under the protection means, the value of the change
in subsidence of the protective construction relative to the
surface of the underlying rocks has been proposed. This
criterion can be shown by the coefficient k,. Then

where U, U," - the amount of subsidence of the footwall
surface under the protection means, respectively, without
any measures and with the construction of a local zone,
m.

The value of U, depends on the magnitude of the load
from the protective construction, its width, the strength of
the soft layer of the footwall and their compressive
properties, so it can be determined from the expression

Up = f(00:03h3bsugs Ens Epsigs ) 4

where b- is the width of the protection means, m; by, 71—
are, respectively, the width and the depth of the local
reinforced zone, m; w— is the coefficient of transverse
deformations of the local reinforced zone, units; - is the

[24] modulus of total deformation of the reinforced massif in
the local zone, MPa.

U, =0.835m,o,h,, ) In dimensionless form, the dependence (4) has the
where o, — are the stresses arising at the contact of the expression
protection means and the underlying rocks because of the U, b b E (5)
load, MPa; h, — is the thickness of the direct footwall ho f (G"’”";Z;;TI;”'; E”j’
layer, m; m, — is the coefficient of relative compressibility
of rocks, MPa™!, which is determined by the expression and includes nine factors. To quantify it, we use the plan
[25] of V. M. Mordashev [27] experiment with eight options

for each factor, which has the form shown in table 1.

Table 1. Initial data for the construction of numerical models when determining the parameters of local reinforced zones

. Value of indicators
N experiment Go, MPa | b,m | pu,un. | Ex, MPa | hs,,m | bi/b, un. hi1, m p1, un. | E1/Eq, un.
1 4 1 0.1 100 1 1 0.25 0.1 1.5
2 4 1.5 0.15 200 4 1.2 3 0.4 10
3 4 2 0.2 400 5 1.3 4 0.45 1.1
4 4 2.5 0.25 600 6 14 5 0.15 2
5 4 3 0.3 800 7 1.5 0.5 0.2 3
6 4 4 0.35 1000 8 1.05 1 0.25 5
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. Value of indicators
N experiment Go, MPa | b,m | pu,un. | Ex, MPa | ha,m | bi/b, un. hi1, m 1, un. | E1/Eq, un.

7 4 5 0.4 1500 2 1.1 1.5 0.3 6
8 4 6 0.45 150 3 1.15 2 0.35 8
9 8 1 0.15 150 2 1.05 0.5 0.15 1.1
10 8 1.5 0.1 600 8 1.1 4 0.35 3
11 8 2 0.3 1500 3 1.4 3 0.25 1.5
12 8 2.5 0.45 200 7 1.3 1.5 0.1 5
13 8 3 0.2 1000 6 1.15 0.25 0.3 10
14 8 4 0.4 800 4 1 2 0.45 2
15 8 5 0.35 400 1 1.2 5 0.2 8
16 8 6 0.25 100 5 1.5 1 0.4 6
17 10 1 0.2 200 3 1.1 1 0.2 2
18 10 1.5 0.3 100 6 1.05 1.5 0.45 8
19 10 2 0.1 800 2 1.15 5 0.4 5
20 10 2.5 0.35 150 4 1.5 4 0.3 1.5
21 10 3 0.15 400 8 1.4 2 0.1 6
22 10 4 0.25 1500 7 1.2 0.25 0.35 1.1
23 10 5 0.45 1000 5 1 3 0.15 3
24 10 6 0.4 600 1 1.3 0.5 0.25 10
25 15 1 0.25 400 4 1.15 1.5 0.25 3
26 15 1.5 0.45 800 1 1.4 1 0.3 1.1
27 15 2 0.35 100 7 1.1 2 0.15 10
28 15 2.5 0.1 1000 3 1.2 0.5 0.45 6
29 15 3 0.4 200 5 1.05 5 0.35 1.5
30 15 4 0.2 600 2 1.5 3 0.1 8
31 15 5 0.3 150 8 1.3 0.25 0.4 2
32 15 6 0.15 1500 6 1 4 0.2 5
33 20 1 0.3 600 5 1.2 2 0.3 5
34 20 1.5 0.2 150 7 1 5 0.25 6
35 20 2 0.15 1000 1 1.5 1.5 0.35 2
36 20 2.5 0.4 100 8 1.15 3 0.2 1.1
37 20 3 0.1 1500 4 1.3 1 0.15 8
38 20 4 0.45 400 6 1.1 0.5 0.4 1
39 20 5 0.25 800 3 1.05 4 0.1 10
40 20 6 0.35 200 2 1.4 0.25 0.45 3
41 25 1 0.35 800 6 1.3 3 0.35 6
42 25 1.5 0.4 400 3 1.5 0.25 0.15 5
43 25 2 0.25 200 8 1 0.5 0.3 8
44 25 2.5 0.15 1500 1 1.05 2 0.4 3
45 25 3 0.45 100 2 1.2 4 0.25 2
46 25 4 0.1 150 5 1.4 1.5 0.2 10
47 25 5 0.2 600 7 1.15 1 0.45 1
48 25 6 0.3 1000 4 1.1 5 0.1 1.1
49 30 1 0.4 1000 7 1.4 4 0.4 8
50 30 1.5 0.35 1500 5 1.15 0.5 0.1 2
51 30 2 0.45 600 4 1.05 0.25 0.2 6
52 30 2.5 0.3 400 2 1 1 0.35 10
53 30 3 0.25 150 1 1.1 3 0.45 5
54 30 4 0.15 100 3 1.3 5 0.3 3
55 30 5 0.1 200 6 1.5 2 0.25 1.1
56 30 6 0.2 800 8 1.2 1.5 0.15 1
57 38 1 0.45 1500 8 1.5 5 0.45 10
58 38 1.5 0.25 1000 2 1.3 2 0.2 1
59 38 2 0.4 150 6 1.2 1 0.1 3
60 38 2.5 0.15 800 5 1.1 0.25 0.25 8
61 38 3 0.35 600 3 1 1.5 0.4 1.1
62 38 4 0.3 200 1 1.15 4 0.15

63 38 5 0.2 100 4 1.24 0.5 0.35 5
64 38 6 0.1 400 7 1.05 3 0.3 2

To establish the correlation dependence based on the
expression (5), the numerical modeling by the finite
element method has been performed [28]. The problem
has been solved in a flat design, as the protective

construction and the massif under it are elongated in plan
and the stresses are distributed in a single plane. There
have been constructed the geometric models of a unit
thickness, which consist of the layers of direct and main
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footwall rocks with a local reinforced zone, on which
evenly distributed load has been applied locally,
simulating the affect of the protective means on the
underlying layers (Fig. 4).
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Fig. 4. Numerical model in the data entry window (a) and a finite
element grid (b).

To realize the nonlinear nature of deformation of the
massif, the elastic-plastic Mohr-Coulomb model has been
used. According to the initial data (Table 1), 64 models
have been built, during the testing of which the maximum
pressing values of the footwall rocks U," under the
loading have been obtained. The general view of one of
the models by the stages of its development is shown in
Figure 5.

Processing of simulation results allowed to establish
coefficients of empirical dependence of displacement U,"
on the main affecting factors, which has the form

b2 0.163 E 0.372
U, = 0.83500mvhn( j [J (6)
hlbl El
(R2=0896, t>tcritical value (231>20), F>Fcritical value

(51.7>2.06)), by which it is possible to determine the
amount of subsidence of the protection means, under
which the local reinforced zone is located.

Thus, from expressions (1), (2) and (6) it is possible to
determine a relative indicator of efficiency of local
strengthening of the footwall rocks by the formula

Wb 0.163 E 0372
k, = (#j (EIJ , (when by >b and E>E,), (7)
which shows how much the subsidence of the protection
means reduces relative to the surface of the underlying
rocks when they are strengthened. It should be noted that
in some cases, this figure may be less than 1. That is, with
the wrong parameters of the local reinforced zone, the
effect of its presence may be negative.
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Fig. 5. General view of the numerical model for the study of
deformation processes in the underlying rocks with a local
reinforced zone (a— finite element grid, b, c, d— results of
calculation, respectively, of vertical and horizontal stresses in
the underlying rocks).

From expression (7) it follows that the parameters of
the local reinforced zone under the protection means to
ensure its stability are determined according to the

assumption
0.372
hlbl 0.163 El
-1 =L >1, 8
) ®

according to which it is possible to take the appropriate
size of this zone in relation to the width of the protection
means and determine the required modulus of the total
deformation of the zone in relation to the modulus of
deformation of the soft layer of surrounding rocks. The
left part of the assumption shows how much the
subsidence of the protection means has been decreased
with local strengthening of the footwall under it. In the
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assumption, the width of the local reinforced zone must
be equal to or greater than the width of the protection
means, and the deformation modulus of the local
reinforced zone must exceed the deformation modulus of
the soft layer of the footwall rock. Fulfillment of the
condition shows the effective ratio of parameters of the
local reinforced zone, the means of protection and a weak
layer of footwall rocks, which increases the resistance of
footwall rocks, reduces subsidence of the protection
means relative to the level of the footwall surface, and
reduces displacement of the roof and the protected
footwall behind the face.

4 Conclusions

As a result of modeling the following conclusions have
been made:

- the empirical dependence of the subsidence of the
footwall surface under the protection means, below which
the local reinforced zone is located, on the main
influencing factors such as: load from the means of
protection, deformation characteristics of this zone and
host rocks, width of the protection means, strength of soft
underlying rocks, and geometric dimensions of the local
reinforced zone, has been established;

- the relative indicator of efficiency of local strengthening
of footwall rocks which is used for determination of
rational parameters of the given zone and considers its
geometrical sizes, width of protection means, deformation
and strength characteristics of a zone and host rocks, has
been identified.

This work has been carried out within the framework of the
project “Improvement of ways to increase the stability of mine
workings in deep mines” (State registration No. 0117U004316).
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