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Abstract

Purpose is to assess deformation characteristics of protective structures while coal-rock mass off-loading to ensure wall
rock stability as well as operating conditions of the development mine workings in coal mines.

Methods. In a laboratory environment, uniaxial compression of protective structures has been applied on the models to identi-
fy the influence by deformation processes on the changes in their rigidness resulting from the shape and volume transformation.

Findings. Under the deformation of rigid structures in the context of a safe strain resource, potential energy of their changes in
shape is 4.1-6.5 times higher than the one of changes in volume. Beyond the safe deformation resource when critical level of
the specific potential strain energy has been exceeded, strength of protective structures is not sufficient to restrict wall rock
movement limiting their use. If relative volume variation in the rigid protective structures is 67 > 0.06-0.082 then they lose
their stability. Under such conditions, structural rigidity decreases by 14-22%. If pliable wooden protective structures are used
then relative 0.62 < 57 < 0.72 volume change doubles their rigidity. In the circumstances, the potential shape change energy is
2.1 times higher than the volume change energy; the abovementioned favours temporary compaction of wooden components of
the compressive structure while improving its resistivity.

Originality. Regularities of changes in the specific potential deformation energy of protective structures depending upon
their shape and volume variation in terms of uniaxial compression have been identified.

Practical implications. To ensure stability of wall rocks and maintain operating conditions of the development mine wor-
kings, it is reasonable to apply pliable wooden protective structures which will help restrict roof and floor movements after
their compaction. Insufficient residual strength of rigid protective structures, resulting if they lose their stability, provokes rock
failure within the working areas of coal mines.

Keywords: deformation, rigidity, protective structures, development mine workings, uniaxial compression, bearing capacity,

potential energy

1. Introduction

Protection of the development mine workings is very im-
portant in the process of underground coal mining. Mine
working stability supporting is among the key problems which
solving influences heavily the technical and economic perfor-
mance of mine activities as well as labour safety of personnel.

Mining deepening stipulated qualitative changes in geo-
mechanical condition close to workings as well as intensifica-
tion of rock pressure manifestations. Such a situation results
in deformations of timbering of the development mine work-
ings and significant increase in the expenditures connected
with their maintenance during extraction operations. Average
labour intensity of mine working support in Donbas mines is
more than 82-85 man shifts per 1000 tons of coal output.
Resupporting of mine workings is not a mechanized proce-
dure; moreover, it decreases safety of the extraction activities.
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The most complicated conditions are typical for the mine
workings which, depending upon a mining procedure, are
supported synchronously in the rock mass; in the zones of
temporary bearing pressure and intensive rock displacement;
in the zones of the stabilized rock pressure. State analysis of
such mine workings shows that the arched support cannot
compensate entirely the rock pressure impact. Maintenance
of mine workings under such conditions is achieved through
the efficiency of a protective procedure, which should pro-
vide continuity of wall rocks within the coal formation.

In many cases, stability of mine workings can be ensured
at the expense of protective structures since they mitigate the
impact by extraction operations as well as by negative mani-
festations of rock pressure relative to the peripheral rock
mass. The abovementioned will make it possible to reduce
deformation of the support. In this context, it is required to
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meet strength characteristics of wall rocks, and deformation
characteristics of the protective structures. The problem
solving needs assessment of deformation properties of the
protective structures and their influence on the state of wall
rocks upon which conditions of workings as well as person-
nel safety in a coal mine depend.

Coal mine deepening intensifies rock pressure manifesta-
tions within the workings. In the off-loading zones of coal-
rock formation, clay rocks increase their volume and forms
failure conditions; as a result, mine workings lose their sta-
bility [1]. Under such conditions, mine working protection
by coal pillars, cast strip, and wood chocks cannot always
ensure reliable defense of gate roads against negative mani-
festations of rock pressure.

It is known [2] that depending upon the rigidity characteris-
tics, artificial safety devices are divided into stiff protective
structures, i.e. coal pillars, cast strip, piers made of reinforced
concrete blocks (BZBT), and their combinations. Pliable
protective structures are rock packs, and wood chocks. As a
rule, stiff protective structures and traditional objects of line-
ar fracture mechanics considering brittle failure as a mecha-
nism of accumulation of damages and fracture growth [3].

It is supposed [4] that in its stable state, no fracture
growths if external load is constant while being less than
some critical value. If the value increases, the deformed body
initiates a process with generalization; according to the non-
linear dynamics terminology, the process provokes instability
and failure [5]. It is obvious that internal potential energy of
solid bodies under deformation has critical levels; during
their transition, loose of stability takes place as well as be-
havioural changes.

Cast stripes can be considered as one of the efficient
methods to protect workings if it is required to remain them
in the mined-out area for the repeated use in the context of
the combined and long-pillar extraction. Since the cast
stripes together with BZBT piers belong to stiff protective
structures, in general their application initiates increase in
displacement value of foot rocks (so-called “stamp effect”;
nevertheless, their stiffness provides roof rock “cutting”, and
helps avoid formation of large consoles which pressure can
worsen significantly the mine working state [6]. Among
other activity reducing the effect [7], certain measures are
applied intended to redistribute stresses within a mine work-
ing foot through the reshaping of protective structures.
Namely, DonNTU experts have proposed to use the follow-
ing: piers which form differs from rectangular [8]; a protec-
tive structure deepening into a mine working foot [9]; and
arrangement schemes of protective structures with compen-
satory cavities [10]. It should be mentioned that in the real
coal-rock formation, rigid protective structures are in the
boundary stress-strain state. Their temporal potential decrea-
ses becoming insufficient to support the undermined rocks.

Analysis of the protective structures, used in coal mines,
has shown that timber protection in the form of a wood
chock is applied most of all [11], [12]. Imperfection of me-
chanical characteristics, slow resistance increase, and large
value of the timbering pliability are significant disadvantages
of such protective structures.

In the context of pliable protective structures, a defor-
mation process in the material of a body being loaded is a
complex procedure with the step-by-step development. First,
mechanisms having low activating energy (i.e. elastic defor-
mation) are implemented and then mechanisms having higher

activating energy (i.e. plastic deformation) are used. For the
purpose, stress-strain state of the body under deformation
varies; the latter becomes the basis to assess its bearing
capacity [13], [14].

It is worth mentioning that the assessment of bearing ca-
pacity of such pliable protective structure has to involve
stress-strain modulus, which should not be equated with the
elasticity modulus of the material. In the compression pro-
cess, change in the stress-strain modulus will help assess
both elastic and residual deformations of the body.

The experience, accumulated to analyze mechanical
properties of samples under compression, shows that defor-
mation characteristics are not sufficient to build a physical
model of a solid body destruction; it especially concerns
those ones experiencing even minor inelastic deformations.
The process is followed by the external energy consumption
or by its redistribution inside the body under defor-
mation [15]. It is quite obvious that the destruction involves
changes in the potential strain energy. At the same time, it
should be taken into consideration what energy share is con-
sumed to vary shape and volume of the deformed body to
identify its temporal behaviour.

Relying upon the abovementioned, deformation should
be considered as a process deforming both shape and volume
of protective structures of development mine workings while
coal-rock mass off-loading. Such an approach will make it
possible to assess the impact of strain processes on the
changes in the protective structure rigidness helping identify
its bearing capacity in terms of a working area length.
According to correspondence of strain characteristics of
protective structures with strength properties of wall rocks in
the coal-rock formation, facilities are provided to ensure
operating conditions of development mine workings as well
as labour safety of personnel.

The research purpose is to analyze deformation processes
of the protective structures under uniaxial compression con-
ditions taking into consideration their shape and volume
transformation for the substantiated selection of a procedure
protecting development workings in a coal mine.

To achieve the purpose, following tasks have been
formulated:

— study strain processes of rigid protective structures (i.e.
coal pillars, cast strip, piers made of reinforced concrete
blocks (BZBT), and assess their bearing capacity;

—analyze strain processes of pliable wood protective
structures (i.e. chocks, and sleeper chocks), and assess their
bearing capacity;

— perform a comparative analysis of strain characteristics of
the protective structures taking into consideration changes in
their shape and volume under the conditions of uniaxial com-
pression, and assess their impact on the wall rock stability in
the coal-rock formation with the development mine workings.

2. Methods

The research object concerns deformation processes of
the protective structures in the development mine workings
in the process of coal-rock mass off-loading.

Analysis of strain processes as well as changes in rigidness
of the protective structures in the development mine workings
under the conditions of uniaxial compression involved studies
with the use of experimental samples represented in the form
of coal pillars, cement blocks, cast strip, and BZBT piers.
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Pliable wood protective structures were represented in the
form of chocks, and sleeper chocks. Dimensions of the exper-
imental samples are as follows: ho =0.04 m being the initial
height; and S = a-b = 0.04-0.04 = 0.0016 square meters being
a cross-sectional area. Simulation scale is M 1:25.

Experimental samples were mounted between the roof
and floor represented as a beam with h, = 0.02 m thickness,
I, = 0.08 m length, and by = 0.04 m width.

Figure 1 demonstrates general view of the experimental
samples.

Figure 1. General view of the experimental samples in the form of: (a) coal pillars; (b) cement blocks; (c) BZBT piers; (d) wood chocks;
(e) wood sleeper chocks; 1 and 2 — beam as a roof and floor model; h — sample height, m; hy — beam width, m; I, — beam length, m

The research provided equity of balance nature and model
equations [16]-[19]. Compression strength of the models was
defined with the help of the Expression [13], [14], [20], [21]:

Im 7
m _'m m _n
Ocom = I_'_‘O'com , @
n 7n
where:

owm and ol — are compression strength of model and

nature respectively, N/m?;

Im and I, — linear dimensions of model and mature, m;

ym and yn — density of a model and nature materials, kg/m?®.

Table 1 explains characteristics of the materials for the
experimental samples. Table 2 lists characteristics of wood
applied for the protective structures.

To ensure the mechanical model-nature identity, balance
of weight parameters was ignored; it is quite permissible [22].

The experimental samples in the form of models of pro-
tective structures experienced uniaxial compression with the
help of I1-50 press. During the experiments, strain of 4h, m
samples was registered from a compressive force value F
(kN). A moment of rigidity reduction ¢ (N/m) was recorded
for experimental samples in the form of coal pillars, cast strip,
cement blocks, and BZBT piers. As for wood chocks, and
sleeper chocks, external load was applied against the grain.

Under uniaxial compression, relative strain of experi-
mental samples was defined through the Expression [23]:

==, @

Table 1. Characteristics of the materials

Object Material y, kg/m® g, MPa
Coal pillar
Sand-cement mixture
Model added by resina 1100 0.4
Nature Coal 1300 1.2
Cement blocks
Model Sand-cement mixture 1700 1.06
Nature Concrete 2300 36.0
Cast strip
Model Sand-cement mixture 1780 1.39
Nature Cement with hardener 2560 50.0
BZBT piers
Model Sand-_cement mixture 1800 1.43
with hardener
Nature Ce;nent yvith hardeners 2610 520
or reinforcement
Wall rocks
Model Sand-cement mixture 1600 1.33
Nature Aleurite 2300 48.0

Table 2. Physicomechanical characteristics of wood

Compressive strength Poisson ratio

Type Oc, MPa i i
Along Against Along Against
the grain the grain the grain the grain
Pine 85 86 0.50 0.02

Rigidity of the experimental samples was identified like in [24]:

F 3

c=—0-.
Ah
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Relative changes in 67 value of the experimental samples
under the conditions of uniaxial compression were deter-
mined using the Expression [25]:

&V =(1-2v)-4, 4

where:

v — the Poisson ratio.

Strain modulus Eq of protective structures was identified
relying upon Hooke’s law, and applying the Formula [25]:

ho

Ed O Ah, (5)
where:

o =F /S —mechanical stress considered as pressure un-
der uniaxial compression, N/m?.

External force, consumed to deform samples, can be de-
termined through [25] Formula:

A:¥-zz, (©)

where:

V — the sample volume, m3.

Strain of experimental samples consumes external forces
to change their shape and volume. It is known [25], [26] that
potential energy of protective structures can be divided into
the energy varying a shape:

1+
v -4 o2, ™
3Ey4
and the energy varying volume [21], [27]:
(L-2v)
= —_— . 8
v 6L, o (8)

Quantity of energy U (J), accumulated by the sample,
may be defined through the Expression [25], [28]:

2
u="2_v, )
2E4
where:

o? | 2Eq —the specific potential energy deforming expe-
rimental samples, J/m?.

It is supposed [25], [26] that internal potential energy
of the objects of mechanics of a solid deformed body has
several critical levels of potential strain energy.

Experimental samples vary their behaviour during transi-
tion of the critical level of the specific potential deformation
energy [25]. It is obvious that their stress-strain state also
experiences certain changes.

3. Results and discussion

3.1. Research results concerning deformation
processes of brittle protective structures

Experimental samples in the form of coal pillars, cast
strip, cement blocks, and BZBT piers were considered; they
experienced uniaxial compression. Table 3 shows the re-
search results concerning analysis of deformation processes
under static loading of the models and boundary value of
external loading F (kN) which provides the model stability.
The value matches the specific potential strain energy
o | 2Eq (MJ/m3); relative change in 57 volume; and perfor-
mance of A compression (J).

Figure 2 shows a graph of changes in relative strain 1 and
rigidity ¢ (N/m) of the experimental samples in the form of
coal pillars depending upon the external loading value
F (kN) under the conditions of uniaxial compression.

Table 3. Research results concerning deformation processes under static loading of the rigid protective structures

Protective

v F, kN A o, MPa ¢/ 2E4, MJ/m3 ov Al Us/ Uy Us Uy
structure type
Coal pillars 0.30 15 0.15 9.3 0.70 0.06 45 6.5 0.609 0.099
Cast strip 0.20 44 0.13 215 1.78 0.078 114 4.1 1.43 0.35
Cement blocks ~ 0.22 42 0.12 26.2 1.96 0.082 126 4.3 1.60 0.36
BZBT piers 0.26 49 0.12 30.6 1.91 0.06 122 5.2 1.60 0.30
03 3.0 lue, rigidity of experimental samples was increasing from
c¢=1.81-108 N/m to ¢ =2.5-108 N/m; then it was decreasing
= = down to ¢ = 2.1-108 N/m under F = 19 kN (Fig. 2, curve 2).
— =] - - -
Z 02 & Figure 3 demonstrates graphs of changes in relative de-
2 g formation / and rigidity ¢ (N/m) of the experimental samples
£ = in the form of BZBT piers, cast strip, and cement blocks
2 = depending upon the external loading value F (kN) under the
201 : conditions of uniaxial compression.
f: = It has been recorded that in the context of the applied pro-
- tective structures, increase of the external loading F (kN)
results in relative deformation /. growth (Fig. 3). As for ex-
% 5 10 s 20" perimental samples in the form of BZBT piers, F = 10 kN up

External loading (/7), kN

Figure 2. Graphs of relative deformation 4 and rigidity ¢ (N/m) of
the experimental samples in the form of coal pillars de-
pending upon the external force value F (kN) under the
conditions of uniaxial compression: 1 —4; 2 —¢

It has been recorded that F =2 kN up to F=19KkN in-
crease in external loading factors into 4=0.027 to 1=0.2
change in relative deformation (Fig.2, curve 1). Within
F=2KkN up to F=15KkN interval of change in loading va-

to F =56 kN changes in external loading factors into 2 = 0.03
to A =0.17 relative deformation growth (Fig. 3, curve 1). In this
vein, an increse in the sample rigidity is recorded in a
10 kN < F <49 kN range of loading values from ¢ = 8.3-106N/m
up to ¢ =9.8-10° N'm; its drop down ¢ = 8.0-10% N/m is re-
corded if F =56 kN (Fig. 3, curve 4). In terms of the experi-
mental samples in the form of a cast strip, F=10kN to
F =50 kN changes in the external loading increase relative
deformation from 2 = 0.0 up to 2 = 0.17 (Fig. 3, curve 2).
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Figure 3. Graphs of changes in relative deformation 4 and rigidity ¢
(N/m) of the experimental samples depending upon the
external loading value F (kN) under the conditions of
uniaxial compression: 1, 4 — BZBT piers; 2, 5 — cast strips;
3 and 6 — cement blocks; 1, 2, 3—4; 4, 5, 6 — ¢ (N/m)

Moreover, rigidity of the samples, growing from
c=7.1"105N/m to c¢=8.4-10°N/m, is recorded in the
0.03 <1 <0.13 range of relative deformation when the exter-
nal loading is F <44 kN. If F =50KkN then rigidity of the
samples decreases down to ¢ = 7.03-108 N/m (Fig. 3, curve 5).

If uniaxial compression of the experimental samples in
the form of cement blocks takes place then F=10KkN to
F =50 kN change in external loading factors into 1 = 0.04 up
to A =0.22 increase of relative deformation (Fig. 3, curve 3).
Growth of the sample rigidity from ¢=5.5-106 N/m to
¢ =7.0-108 N/m has been recorded within 10 kKN < F <42 kN
range of external loading action; its decrease down to
¢=5.5-10N/m value has been recorded under F =50 kN
(Fig. 3, curve 6).

Figure 4 shows dependencies of changes in height Ah (m)
of the experimental samples depending upon mechanical
stress o (MPa) under the conditions of uniaxial compression.

- _

40
4
£
zh 30 2 . .. ]
’6‘ \ l. ..
;’ ‘ .O .! ®
2 o @ _ @
£ 20 Aot
3 KA A
g .‘.:... \
5 10 = 34 .
§ f [ 14 ot o
2. e
‘e
0
0 0.002 0.004 0.006 0.008 0.01

Change in height (Ah), M
Figure 4. Graphs of change in Ah (m) height of the experimental
samples in the form of coal pillars (1); BZBT piers (2);
cement blocks (3); and cast strip (4) mechanical stress value
& (MPa) under the conditions of uniaxial compression

Compression diagram of the experimental samples is rep-
resented by a dependence between mechanical stress o (MPa)
growth and Ah (m) deformations (Fig. 4). All the tests ended
in the destruction of the samples: o = 11.8 MPa for coal pil-
lars (Fig. 4, curve 1); o = 30.6 MPa for BZBT piers (Fig. 4,
curve 2); o = 26.2 MPa for cement blocks (Fig. 4, curve 3);
and ¢ = 27.5 MPa for a cast strip (Fig. 4, curve 4).

Figure 5 is general view of the samples after they lost
their stability. Figure 6 demonstrates graphs of relative
changes in 67 volume of the experimental samples depend-
ing upon mechanical stress value ¢ (MPa) under the condi-
tions of uniaxial compression.

Relying upon the tests, following linear dependence has
been established between relative changes in volume ¢V of
the experimental samples and mechanical stress o (MPa)
under the conditions of uniaxial compression:

o=a-oVv +b, (10)
where correlation coefficient is RZ = 0.98-0.99.

(b)

Figure 5. General view of the experimental samples in the form of: (a) coal pillars; (b) cement blocks; (c) BZBT piers; (d) wood chocks;
(e) sleeper chocks: (a)-(c) — stability loss moment; (d) and (e) — a moment of compression initiation
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Figure 6. Graphs of relative changes in 6V volume of the experi-
mental samples in the form of coal pillars (1); BZBT
piers (2); cement blocks (3); and a cast stripe (4) de-
pending upon mechanical stress value ¢ (MPa) under
the conditions of uniaxial compression

To identify the dependence type, the known techniques
for experimental data processing were applied [29], [30].

Table 4 shows values of a and b coefficients for the ex-
perimental samples.

Table 4. Values of a and b coefficients in terms of a linear depen-
dence between mechanical stress ¢ and relative change in
volume oV

Experimental s, MPa SV Coefficient values
sample a b

Coal pillars 9.37 0.06 165.516 -0.802
BZBT piers 30.6 0.06 532.159 -1.186
Rock blocks 26.5 0.082  330.437 -2.478

Cast strip 27.5 0.078  372.015 -1.875

Table 4 explains that growth in mechanical stress o
(MPa) factors into increase of a and b coefficients. In this
context, relative 67 =0.06 up to 6V =0.082 increase in vo-
lume of the experimental samples takes place.

3.2. Findings of strain processes
of wood pliable protective structures

Experimental wood samples in the form of chocks and
sleeper chocks were considered. Table 5 demonstrates findings
of strain processes under static loading of the samples, and
boundary values of external loading (kN) under which action
the models experienced compaction. The specific potential
deformation energy value o2/ 2 Eq (MJ/m?), relative change in
volume 6V, and compression A4 (J) correspond to the value.

Figure 7 shows graphs in changes of relative deformation
J and c rigidness (N/m) of wood experimental samples de-
pending upon the external loading F (kN) value under the
conditions of uniaxial compression.

0.8 4.0
0.7 35
= 5
Z 06 g
=] =
=05 25 &
£ 04 200
% R PN 38
3 x
203 15 2
=z -
502 1.0 5
0.1 0.5
0 0
0 10 20 30 40 50
External loading (1), kN
(b)

0.8 4.0
0.7 35
S 30 B
- 0.6 3.0 &
) =
g 05 25 g
£ 04 20 0
3 z
503 15 2
z -
5 02 10 5

[
0.1 0.5
0 0
0 10 20 30 40 50

External loading (), kN

Figure 7. Graphs of changes in relative deformation 4 and c rigi-
dity (N/m) of wood experimental samples depending up-
on external loading F (kN) value under the conditions
of uniaxial compression: (a) wood chocks; (b) sleeper
chock; 1-2;and 2 —¢

A=0.2 up to 1=0.75 increase in relative deformation of
the experimental samples in the form of wood chocks has
been recorded if the external loading growth is F =8 kN to
F=35KkN (Fig. 7, curve 1). In this context, rigidity of the
external samples, experiencing F = 8 KN external loading, is
c=1.0-108 N/m; its growth up to F=35KkN results in the
rigidity increase up to ¢ = 1.16-10% N/m (Fig. 7a, curve 2).

As for the experimental samples in the form of sleeper
chocks, F =8 kN up to F =49 kN increase in the external
loading factors into 2 =0.12 to A = 0.65 relative strain varia-
tion (Fig. 7b, curve 1).

In this case, rigidity of the experimental samples
at an initial stage of compressive loading drops from
¢=1.0-10N/m down to ¢=0.9-105 N/m with following
increase up to ¢ = 1.88-10° N/m (Fig. 7b, curve 2).

Table 5. The research results concerning strain processes under static loading of wood protective structures

Protective a2 Eq, Ur, Uy,
structures type F kN % o, MPa MJ/m3 4 A Ur/ U MJ/m3 MJ/m3
Wood chock 0.02 35 0.75 21.8 8.2 0.72 525 2.12 5.57 2.62
Sleeper chock 0.02 49 0.65 30.6 9.95 0.62 637 2.12 6.76 3.18

Figure 8 shows graphs of changes in deformation
value Ah (m) of experimental wood samples depending
upon mechanical stress o (MPa) under the conditions
of uniaxial compression.

Increasing deformation value Ah (m), depending upon
mechanical stress value ¢ (MPa), has been recorded. A de-

formation value grows from Ah =0.008 m to Ah =0.003 m
for wood chocks if mechanical strain experiences
0=3.0 MPa — ¢=21.8 MPa increase (Fig.8, curve 1). As
for sleeper chocks, ¢=3.12 MPa up to o =30.6 MPa me-
chanical stress growing results in Ah=0.005 m-Ah=0.026 m
increase in deformation value (Fig. 8, curve 2).
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Figure 8. Graphs of changes in relative deformation Ah (m) of the
experimental wood samples depending upon mechanical
stress ¢ (MPa) under the conditions of uniaxial com-
pression: 1 — chocks; 2 — sleeper chocks

Increasing deformation value Ah (m), depending upon
mechanical stress value o (MPa), has been recorded. A de-
formation value grows from Ah=0.008 m to Ah =0.003 m
for wood chocks if mechanical strain experiences
0=3.0 MPa — ¢=21.8 MPa increase (Fig.8, curve 1). As
for sleeper chocks, o=3.12 MPa up to ¢ =30.6 MPa me-
chanical stress growing results in Ah =0.005 m — Ah =0.026 m
increase in deformation value (Fig. 8, curve 2).

Figure 9 demonstrates graphs of relative changes in
volume oV of the experimental wood samples depending
upon mechanical stress value o (MPa) under the conditions
of uniaxial compression.

35

— — [ [ %)
o h S h =1

Mechanical stress (o), MPa

un

0 01 02 03 04 05 06 07 08 09
Relative volume change (d6/), m
Figure 9. Graphs of relative changes in 6V volume of the experi-
mental wood samples depending upon mechanical stress
value ¢ (MPa) under the conditions of uniaxial com-
pression: 1 — chock; 2 — sleeper chock

If mechanical stress o (MPa) increases then relative
oV volume value grows as well. As for wood chocks,
0 =5.0 MPa — ¢ = 21.8 MPa mechanical stress increase fac-
tors into relative 6V=0.19-6V=0.72 volume change
(Fig. 9, curvel). In the context of sleeper chocks,
o =3.12 MPa — ¢ = 30.6 MPa increase of mechanical stress
results in 6V=0.12 -6V =0.62 growth of relative volume
change (Fig. 9, curve 2).

After the experimental data have been processed [29],
[30], following exponential dependence was identified be-
tween the determined values:

o = %9248 +2.93%8 9V for wood chocks;

o = 06224+ 484179V for sleeper chocks;

R? = 0.98 correlation coefficient.

3.3. Assessment of deformation characteristics
of the protective structures taking into consideration
changes in shape, volume, and rigidity to substantiate
safety procedure for mine workings

Figure 10 demonstrates graph of relative volume &V
change depending upon longitudinal strain A under the condi-
tions of uniaxial compression.
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Figure 10. Graph of relative volume 6V change depending
upon longitudinal strain 4 under the conditions of
uniaxial compression

The graph helps understand that 2 =0.12 up to A=0.75
increase in longitudinal strain, recorded under static loading
of experimental samples, results in the relative 67 =0.06 —
oV =0.72 volume growth (Fig. 10).

Figure 11 represents graph of the specific potential
0?12 Eq strain energy change of the experimental samples
depending upon lateral deformation coefficient v.

It has been recorded that v=0.3—v=0.02 decrease
in the lateral deformation coefficient results in
0212 Eq=0.7 MI/Im® — 62/ 2 Eq = 9.95 MJ/m? increase of the
specific potential strain (Fig. 11).
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Figure 11. Graph of the specific potential ¢?/2 Eq strain energy
change of the experimental samples depending upon
lateral deformation coefficient v

Figure 12 shows graph of changes in A compression of
the experimental samples depending upon the specific poten-
tial deformation energy o2/ 2 Eq.

The graph explains that 4 =45 J — 4 = 637 J compression
intensification initiates increase in the specific potential de-
formation energy of the experimental samples from
0212 Eq=0.7 MJ/m3 up to 6?/ 2 Eq = 9.95 MJ/m? (Fig. 12).
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Figure 12. Graph of changes in A compression of experimental
samples depending upon the specific potential defor-
mation energy &2/ 2 Eq under the conditions of uniaxial
compression: 1 — Us; 2 — Uy

Figure 13 represents summary graphs of changes in the
specific potential deformation energy ¢?/ 2 Eq4 of the experi-
mental graphs depending upon the potential energy of shape
variation Us and potential energy of volume variation Uy
under the conditions of uniaxial compression.
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Figure 13. Graph of change in the specific potential deformation
energy o?/2Eq of the experimental samples depen-
ding: 1 — upon potential energy of change in shape Us;
2 —under potential energy of change in volume Uy

It is seen from the graphs that owing to intensification of
the potential energy of shape change of the experimental
samples from Us=0.609 to Us=6.76 MJ/m® results in the
increased potential deformation energy, i.e. from
212 Eq=0.7 MJ/m® up to 6?/2Eq=9.95MJ/ms Within
the interval of changes in ¢?/ 2 Eq parameter, U, = 0.093 to
Uy = 3.18 MJ/m? increase in the potential energy of change
in volume is also recorded (Fig. 13).

Figure 14 demonstrates a graph of changes in the speci-
fic potential strain energy of the experimental samples
o2 | 2 Eq depending upon Us/ U, ratio taking into considera-
tion potential energy of change in shape Us as well as poten-
tial energy of change in volume U, under the conditions of
uniaxial compression.

It becomes clear from the graph that the decreased poten-
tial energy of changes in shape-potential energy of changes
in volume ratio (i.e. Ut/ U, =6.5 down to Us/ U, =2.12)
factors into the increased specific potential strain energy (i.e.
0?2 Eq=0.7 MJ/m3 up to 6%/ 2 Eq = 9.95 MJ/m®) (Fig. 14).
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Figure 14. Graph of changes in the specific potential strain ener-
gy 6®/2Eq4 of the experimental samples depending
upon Ut/ Uy ratio taking into consideration potential
energy of change in shape Ur as well as potential ener-
gy of change in volume Uy under the conditions of
uniaxial compression

It has been turned out after the experimental data
processing [23], [24] that there is an exponential dependence
of the type:

2
Uy 1.7767—0.1209—22_
U_ =e d f (11)
\

with 0.95 correlation coefficient.

Figure 15 shows graph of changes in U/ Uy ratio (i.e. be-
tween potential energy of changes in shape Us and potential
energy of changes in volume U,) of the experimental samples
depending upon their longitudinal strain Ah (m) under the
conditions of relative compression.
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Figure 15. Graph of changes in Us/ Uy ratio (i.e. between poten-
tial energy of changes in shape Us, and potential energy
of changes in volume Uv) of the experimental samples
depending upon their longitudinal strain Ah (m) under
the conditions of relative compression

The graph explains that longitudinal strain intensification
Ah (m) decreases U/ U, ratio; under maximum Ah =0.03
values it corresponds to U/ U, =2.1. Consequently, the
potential energy of changes in shape is 2.1 times higher than
the one in volume which is typical for the pliable protective
structures. If longitudinal strain is of minimum value (i.e.
Ah =0.005m) then the ratio demonstrates its peak value
being Ut/ U, = 9.95 Uy which is typical for the rigid protec-
tive structures (Fig. 15).
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It should be mentioned that under the conditions of
uniaxial compression Ah (m) strain was studied in terms of
which external forces F (kN) performed A operation (J).
Relying upon the energy conservation law, the operation
transformed into potential energy consumed to vary both
shape and volume of the experimental samples. The de-
formed body behaviour was studied while recording relative
changes in 67 volume. Rigidity degree depended upon strain
value Ah (m) resulting from compression.

The findings have helped identify impact of deformation
processes on the changes in shape, volume, and rigidity of
protective structures; the abovementioned helps assess their
bearing capacity. Safe deformation resource has been deter-
mined for rigid protective structures under changes in rela-
tive strain; the resource is 0.12 <1 <0.15. In the range of the
safe deformation resource, 6.0-8.2% volume increase of
experimental samples as well as their rigidity is observed.
Potential energy of shape variation Us is 4.1-6.5 times higher
than potential energy of volume variation Uy. In this context,
mechanical stress intensification makes longitudinal strain
Ah achieve its maximum values (Fig. 4) which helped pro-
vide stability of compressive structures.

It has been recorded that if relative volume change is
0V >0.006-0.082 then relative deformation 1 of the expe-
rimental samples increases (Fig. 3, dependencies 1, 2, and
3), and rigidity experiences its 14-22% decrease (Fig. 3,
dependencies 4, 5, and 6). Consequently, protective struc-
tures lose their stability, and their bearing capacity reduces.
Under the conditions when protective structures are beyond
their safe deformation resource, and critical level of the
specific potential strain energy is exceeded, strength of the
protective structures is not sufficient to restrict displace-
ment of the simulated wall rocks.

As for pliable wood protective structures, 0.65 <1 <0.75
changes in relative deformation as well as 0.62 <1 <0.72 in
relative changes in volume, double rigidity increase has been
recorded. Under such conditions, potential energy of shape
change Us is 2.1 higher than potential energy of volume
change Uy; moreover, the specific potential strain energy
0% | 2 Eq achieves its maximum values. The process is fol-
lowed by compaction of structural wood components and
their bearing capacity improvement. Compaction of wood
chocks is followed by their increased rigidity as well as
resistivity (Fig. 7a, b).

Potential energy of shape change U — potential energy of
volume change U, ratio of the experimental samples under
the conditions of uniaxial compression depends upon lateral
strain coefficient v. It follows from Expressions (7), (8). It
has been defined that in the context of rigid protective struc-
tures, the potential energy of shape change exceeds the po-
tential energy of volume change. As for such constructions,
safety limit of deformation resource of protective structures
is the critical level of the specific potential strain energy.

During deformation of wood pliable protective structures,
the potential energy of shape change U slightly exceeds the
potential energy of volume change U,. Meanwhile, external
loading should be applied across grain of the structure com-
ponents. In terms of the safe resource deformation, being
0.65 < 1< 0.75, the specific strain energy achieves its peak
value owing to which chocks experience their compaction.
Rigidity value of such protective structures depends upon the
number of components of the wood construction.

It has been identified that in terms of the experimental
samples subjected to uniaxial compression, there is exponen-
tial dependence with 0.95 correlation coefficient in the po-
tential energy of shape change Us — potential energy of vol-
ume change Uy ratio ¢?/2 Eq. It is obvious that the ratio
value depends upon a lateral strain coefficient, i.e. upon
physicomechanical characteristics of the protective structure
material. The deformed body energy is higher, the lesser the
lateral strain coefficient is. If increase in a lateral strain coef-
ficient is up to v=0.3 value then the behaviour of experi-
mental samples under static loading in the context of uniaxial
compression is mainly defined through changes in their
shape. Such samples experience destruction with minor de-
formations (i.e. Ah =0.005 m) at the expense of the sample
main part shear towards another one. Before destruction, no
sample has significant strain; it does not demonstrate any
notable plastic deformations (Fig. 5a, b, c).

As for pliable protective structures under the conditions
of uniaxial compression and static loading, compaction was
preceded by the significant strain followed by certain chang-
es in shape and volume (Fig. 5 d, and e).

Under loading, longitudinal compression of the samples was
maximal, i.e. Ah =(0.026-0.03) m with minimal shape change
Us energy change in volume U, ratio being Us/ U, = 2.1.

Relying upon the abovementioned, it is possible to con-
clude that assessment of protective structures, involving their
stability, rigidity, and bearing capacity, should be take into
consideration their geometry (depending upon loading nature
and type) as well as material characteristics.

Hence, pliable protective structures are more applicable
to ensure both wall rock stability in the rock mass and ope-
rating conditions of mine workings. After compaction, such
structures (for instance, in the form of wood chocks or sleep-
er chocks) are constructions with increasing resistance hel-
ping restrict displacement of wall rocks within the mined-out
area of an extraction site.

To assess the efficiency of protective structures in the
development mine workings, underground full-scale study
is required. It will help analyze deformation processes, taking
place in the coal-rock formation and influencing mine wor-
king stability along the extraction site length.

4. Conclusions

Resulting from the findings, comparative assessment has
been made concerning strain characteristics of experimental
samples under the conditions of uniaxial compression. Rigid
protective structures in the form of coal pillars, cast strip,
cement blocks, and BZBT piers were considered. Pliable
protective structures were in the form of wood chocks, and
wood sleeper chocks. External loading to pliable structures
was applied perpendicularly to grain of wood components.

Under the conditions of uniaxial compression of the pro-
tective structures, exponential dependence is available be-
tween the ratio of potential energy of their changes and
changes in volume energy, and the specific potential strain
energy. The dependence helps identify bearing capacity of
the protective structures in the development mine workings
through variation in their rigidity. Hence, trouble-free opera-
tion of protective structures, which depends on the increase
in structural resistivity without any loss of stability, is the
basic reliability indicator of a procedure to protect the deve-
lopment mine workings.
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Based upon the comparative analysis of strain characte-
ristics of protective structures and processes, taking place
during compression and impacting changes in shape, volume,
and rigidity, the expediency to apply pliable wood structure
has been identified. It has been determined that 0.65 <1 <0.75
changes in relative deformation of such protective structures
ensure their stable state; in turn, rigidity depends upon the
number of compressive elements and their arrangement. As for
pliable protective structures, potential energy of changes in
shape is 2.1 times more than energy of volume changes; the
abovementioned favours their compaction. If rigid protective
structures are applied and their relative strain exceeds
2>(0.12+0.15), i.e. it is beyond safe deformation resource,
then they lose their stability and their rigidity drops by 14-22%
preventing from restriction of wall rock displacement as well
as failure within the workings of coal mines.

The research results may be used while substantiating the
parameters of pliable protective structures to assess their
bearing capacity as well as efficiency of the technique. To
specify the parameters of protective structures, it is expedient
to carry out full-scale studies in future which will help assess
conditions of the development mine workings along the
extraction site under real conditions of coal seam mining.
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Jedopmanis sik npouec Tpancdopmanii gopmu Ta 06’€My 0XOPOHHHX CIIOPY/
NiAr0TOBYHUX BUPOOOK NPH PO3BAHTAKECHHI BYIJIENIOPOJHOI0 MACHBY

. Yemira, I. beccapa0, B. I'natiok, O. Tkauyk, O. Kinko, C. [Togkomnaes

Mera. Ouinutu aedopmMaiiiiHi BIACTHBOCTI OXOPOHHUX CIOPY/[ IPH PO3BAHTAXKCHHI BYIJICOPOJHOTO MAacUBY Uil 3a0e3nedeHHs CTii-
KoCTi OIYHHX MOPiZ Ta eKCIUTyaTaI[ifHOTO CTaHy MiATOTOBYMX BUPOOOK y BYTIBHUX IIaXTax.

MeToanka. B ymMoBax 0HOBICHOTO CTHCHEHHS OXOPOHHHX CIIOPYZA Ha MOJAEISX B IAOOPATOPHHX yMOBaX BCTAHOBJICHO BIUIMB AedopMa-
LifHUX IIpOIIeciB Ha 3MiHY IX JKOPCTKOCTI Yepe3 TpaHcdopmarliro popMu Ta 06’ emy.
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PesyabTaTn. B npoieci nedhopMyBaHHS KOPCTKHX CHOPY[ y Mexax OesmeuHoro aedopmauiifiHoOro pecypcy, HOTEHILialbHA SHepris 1x
¢dopmosminm 3Ha4HO (y 4.1-6.5 pasu) mepeBuliye MOTEHIIaANbHY SHEPriro 3MiHM 00’ eMy. 3a Mexamu Oe3nedHoro aedopmariitHoro pecypcy,
KOJIM TIEPEBUILEHO KPUTHYHHUI piBEHb MUTOMOI MOTEHIiambHOI eHeprii nedopmanii, MIITHOCTI OXOPOHHHUX CIIOPYJ HEAOCTATHBO UL OOMe-
JKeHHs TIepeMilieHb OiYHUX mopim, mo oOMexye X 3actocyBaHs. IIpu BimHOCHIH 3MiHI 00’eMy oV > 0.06-0.082 >KOpCTKHX OXOPOHHHX
CIIOpyJ, HacTae BTpaTa ix CTiHKOCTi. B Takumx yMoBax >KOPCTKICTh KOHCTPYKIill 3HMXKyeTbcs Ha 14-22%. [l minuaTiuBUX OXOPOHHHX
CIOpYX i3 JepeBa HpHu BiXHOCHIH 3MiHI 00’emy 0.62 < 0V < 0.72 3abe3neuyeThcs 3pOCTaHHS y 2 pa3u iX )KOPCTKOCTI. B Takmx ymoBax
ToTeHIiaTbHa eHepris GopMo3MinK y 2.1 pa3u NepeBHIye eHeprilo 3MiHH 00’ eMy, IO CIIPHSE Y Yaci YIIUIBHEHHIO CKJIQJOBUX JepeB’ THUX
€JIEMEHTIB CTUCKAI04Y0i KOHCTPYKIIi Ta MiABUILEHHIO ii OMIPHOCTI.

HayxoBa HoBU3HA. BcTaHOBJICH] 3aKOHOMIPHOCTI 3MiHH MUTOMOI TIOTEHLIABHOT eHeprii AedopMariii OXOPOHHUX CIIOPY. Bif ix Gopmo-
3MiHH Ta 3MiHU 00’ €My B yMOBAaX OJHOBICHOT'O CTUCHEHHS.

IpakTnyna 3HayuMicTsb. [y 3a0e3neyeHHs cTiiikocTi 01YHUX TOpia Ta 30epekeHHs eKCILTyaTaliiHOTO CTaHy MiATOTOBYMX BHPOOOK
JOIITBHO 3aCTOCYBAaHHS OXOPOHHMX MiJIATINBUX CIOPY 3 JepeBa, M0 JO3BOJIUTH MICHs X YIIITbHEHHS 0OMEXHUTH MepeMIIeHHs TOKPIBIIi
Ta migomsy. HemocTaTHs 3aMIKoBa MIIHICTb JKOPCTKHX OXOPOHHUX CIIOPYI, SIKa HACTAE IICJIST BTPATH IX CTIHKOCTI, MPOBOKY€E 0OBaJIeHHS
MOpil Ha BUIMKOBHX JUTGHHIAX BYTUTHHUX IIAXT.

Knrwwuosi cnosa: oeghopmayis, scopcmricmv, OXOPOHHI CHOpyOu, nid2omosyi eUpoOKuU, OOHOBICHE CMUCHEHHs, Hecyud 30amHiCmb,
nomeHyianbHa eHepis
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