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ANALYSIS OF CALCULATION MODELS WHILE SOLVING
GEOMECHANICAL PROBLEMS IN ELASTIC APPROACH

Purpose. To carry out comparative analysis of results concerning determination of stress-strain state (SSS) of shal-
low mine workings using calculation models for problems in elastic approach.

Methodology. Rock mechanics methods; methods of analysis of the results of theoretical calculations and nu-
merical experiments using FEM.

Findings. Algorithm to calculate SSS of rock mass, involving extended mine working, has been substantiated. Nu-
merical experiment has demonstrated that to determine displacements within a mine working boundary it is required
to consider plane strain state. It has been identified that the use of a plane stress state results in misinterpreted values
of mine working boundary displacements to compare with accurate ones. The following basic conclusion has been
made: it is possible to use adequate three-dimensional (i.e. spatial) problem while arranging relations according to
certain rules to solve the considered problem with a calculation model of limited length as for the research subject.

Originality. Divergence has been determined between extended mine working boundary displacements calculated
using calculation models of a plane stress state (approximate analytical model), and those of a plane strain (accurate
calculation model). It has been demonstrated that calculation of extended mine workings should involve analytical
model of a plane deformation reflecting SSS of rock mass-mine working system adequately; otherwise, calculation er-
rors may be more than 100 % for horizontal displacements, and 25 % for vertical ones.

Practical value. The obtained results make it possible to select reasonably calculation models for extended mine
workings where support stiffness properties vary periodically. For instance, such mine workings are meant whose
stability and deformability are provided by frame, anchor, combined frame-anchor, complete reinforced-concrete,

reinforced equally distanced sequences of anchors, and similar support structures.
Keywords: extended mine working, rock mass, stress state, deformation, geomechanical model

Analysis of progress in the area. Currently, the major-
ity of basic methods, aimed at determination of stress-
strain state (SSS) of rock mass, rely upon the use of a
calculation model corresponding to a “plane problem”.

In this context, it is often done as follows:

1. A 1 m width fragment is cut out of rock mass, con-
taining a mine working.

2. SSS of rock mass-mine working geomechanical
system [1] is calculated for the condition of a plane stress
state.

The fact that rocks in the neighbourhood of the mine
working are in the state of a plane deformation is not
involved while solving such problems using traditional
approaches of elasticity theory; the fact can be explained
by their minor deformability.

Due to initially included simplifications to decrease
labour costs, the majority of classic approaches of elas-
ticity theory cannot solve numerous arising problems
properly, and meet the requirements concerning accu-
racy, amounts, calculating speed, and expenditures.
Thus, solving even relatively small local geomechanical
problems [2] is connected with carrying out of volume
complex research. Currently, such problems are solved
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more efficiently with the use of modern potential of
computer technology as well as specialized software sys-
tems [3]. In this context, calculation involves such pecu-
liarities as scale effect, and coefficients, reducing hard-
ness of rocks [4]; thus, it helps carry out multivariant
modelling of experimental object, phenomenon, or sit-
uation [5]. As a result, relatively small costs make it pos-
sible to forecast qualitatively both design and operation-
al expenditures for specific mining and geological con-
ditions [6]. Moreover, each result of analytical studies is
tested in practice [7] aside from continuous monitoring
of the studied object state [8].

In the large, it enables to represent adequately defor-
mational processes progressing in the neighbourhood of
geotechnical systems with a probability of 95 %. Among
other things, it concerns the processes, resulting in the
loss of elastoplastic stability of rock mass, loose by a sys-
tem of underground cavities.

Objective of the research is to make comparative
analysis of the results concerning determination of
stress-strain state of shallow geotechnical systems with
the use of calculation models for problems with elastic
approach.

Materials and methods. Stage one of the research in-
volved numerical experiment during which displace-
ments of mine working boundaries were compared. The
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mine working had four-square 6 x 6 cross section; its
initial depth was 30 meters (Fig. 1).

All the calculations were performed for rocks whose
average values of physical and mechanical characteris-
tics are presented in Fig. 1.

To minimize boundary effect within the central part
of the model, where the mine working is located, di-
mensions of rock mass area were taken as those, being
equal to 66 x 66 meters on the basis of

B=11-b,

where Bis width and height of the design area; b is width
and height of the mine working.

Moreover, to interpret the obtained data convenient-
ly, Poisson ratio and specific weight were specified as
similar ones for all the rocks.

Rock mass weight was external load acting on the
study area.

During calculation in the context of a plane stress
state, SSS of a “plate” (i.e. cross section of the rock
mass containing the mine working) with 1 m width was
determined involving characteristics of rocks represent-
ed in Table 1.

SSS of similar “plate” for a plane deformation was
determined using characteristics from Table 2.

In this process, reduced characteristics of rock mass,
containing mine working, were used instead of actual
ones. The characteristics were determined on the com-
mon formulas resulting from the generalized Hooke’s
law corresponding to a plane stress state, and plane de-
formation condition

1-v
1
U ()
1-v?

In this context, v* and £* are reduced values of Pois-
son ration and modulus of total rock deformation re-
spectively; v and F are their actual values.

Equalities (1) were derived basing upon the follow-
ing arguments:

E*

66m

B

it b+

B=66m

Fig. 1. Calculation model to determine displacements of
the mine working boundary
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Table 1
Specified characteristics of rocks
Specific | Poisson | Elasticity
Rock weighty, | ratiov, | modulus
kN/m’ unit E, MPa
Argillaceous shale 20.0 0.3 20 000
Sandstone and limestone 20.0 0.3 40 000
Marble and granite 20.0 0.3 60 000
Basalt and quartzite 20.0 0.3 100 000
Table 2
Reduced properties of rocks
Specific | Poisson | Elasticity
Rock weight y, | ratiov, | modulus
kN/m? unit E, MPa
Argillaceous shale 20.0 0.43 21978
Sandstone and limestone 20.0 0.43 43956
Marble and granite 20.0 0.43 65934
Basalt and quartzite 20.0 0.43 109 890

1. For the cases of a plate stress and a plane deforma-
tion within Oy, coordinate system within Oy, (Fig. 1),
equilibrium equations are completely identical, and
look like

%ox 0% Ly _p

Oy 0, ' 2
%_Z+&E_&+Z:O

aZ a)(

In this context, oy and 6, are normal stresses; 1y, is the
same, tangential; X and Z are projections on coordinate
axes of a volume force whose dimension is (kN/m?).

In such a case, normal stress oy, acting towards axis
0y, is foregone (it is equal to zero for a plate stress state
(i.e. oy=0); itisequal to cy=Vv - (oy+ o) if the defor-
mation is a plane one. Moreover, despite a plane SSS
type, tangential stresses tyy and ty, acting within 0,,
and 0, planes, are also equal to zero.

2. Equations of state (i.e. the generalized Hooke’s
law) for a case of a plane stress state (in this case, normal
stresses towards 0y axis are equal to zero, i.e. cy=0) are

1
8X =E'(CX—V'GZ)
822%-(62—%0)() . (3)
2-(1+
€xz = (E V)'YXZ

In this context, gy and g, are normal relative defor-
mations towards 0, and 0, axes respectively; vy is shear
deformation within 0y, plane.

3. Equations of state (i.e. the generalized Hooke’s
law) for a case of a plane stress state (in this case, normal
stresses towards 0y axis are equal to 6y=v - (cy+ G) are
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€y :%-[(l—vz)-cx —v~(1+v)-cz]
az:%{(l—vz)nz—v-(1+v)-cX} . 4
Xz 5 Xz

If in (4) we express actual deformational material
constants v and FE using (1), we obtain an equation sys-
tem which is absolutely identical to (3).

The stated helps conclude that it is quite sufficient to
consider a structure being in a stress state (in this case, it
is a fragment of rock mass containing a mine working)
for accurate modelling of a plane deformation condition
assuming reduced analogues of actual deformational
constants calculated according to (1).

To determine displacements of mine working bound-
aries [9], a well-reputed world practice technique to
solve geomechanical problems using FEM was applied
in a software system Lira.

To determine divergence between displacement
points within mine working boundaries for the consid-
ered cases, the following common formulas were used to
determine a maximum quadratic error (on the modu-
lus), and a square one

U
A =max|l-—22|.100 %
pd
v | 5)
n 3 Upd

In this context, U, are displacements or forces, cal-
culated in terms of analytical model of a plane stress
state; U, are the same in terms of a plane deformation
scheme; A is a maximum error; ¢ is a mean-square er-
Iofr.

Since it is quite important to know the ratio between
the mine working boundary displacements in different
directions while determining its deformations, formulas
of the following type were used

U

<, pns

U

X, pns

U

z,pnd

U

pns

, (6)
§ =

pnd

x, pnd

where o is absolute value of vertical displacement of a
certain point within the mine working boundary ratio
(Fig. 2) U, to a horizontal displacement U,. In (6) for-
mula, “pns” index corresponds to analytical model of a
plane stress state, and “pnd” index corresponds to ana-
Iytical model of a plane deformation.

The obtained boundary displacements correspond
to the conditions of the mine working, placed within ar-
gillaceous shale; actual values are £ =20 000 MPa, v =
=0.3; reduced values are £ =21 978 MPa, v=0.43 (Ta-
ble 3).
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Fig. 2. Enumeration of nodes of the mine working bound-
ary in which displacements were determined

Table 4 demonstrates divergence between the dis-
placements, calculated by (5). The divergence concerns
those, determined with the help of different analytical
models, and those, determined with the help of (6).

Note: Table 4 should be considered together with
Table 3.

Table 3
Scheduled displacements of the mine working boundary

Displacements, mm

Node Plane stress state Plane deformation

U, U, U, U,
0.022 —-1.383 0.054 —-1.126
—-0.017 —1.746 —-0.002 —1.443
13 —0.011 -1.776 —-0.003 —-1.470
26 — —-1.786 — -1.479
31 0.030 —1.440 0.064 -1.175
32 0.033 —-1.489 0.067 -1.217
33 0.029 -1.538 0.062 -1.257
34 0.020 -1.590 0.050 -1.303
35 —-0.003 -1.662 0.017 -1.366
46 0.017 —-1.746 0.002 —1.443
55 0.003 —1.662 -0.017 —-1.366
58 0.011 -1.776 0.003 —-1.470
1345 —0.012 -1.172 -0.004 —-0.936
1346 - —1.161 - —-0.926
1347 —-0.003 -1.303 0.019 —-1.056
1348 0.012 -1.172 0.004 -0.936
1349 0.020 -1.207 0.002 -0.967
2636 —-0.030 —1.440 -0.064 -1.175
2637 —0.033 —1.489 —-0.067 -1.217
2638 —-0.029 -1.538 —0.062 —-1.257
2796 0.003 -1.303 —-0.019 —-1.056
2797 —-0.022 —-1.383 —0.054 —-1.126
2798 —-0.020 -1.590 —-0.050 —-1.303
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Table 4
Ratios between the scheduled displacements

Maximum relative Displacement ratios
Node divergence, % (times)
A, A, S pns Spnd
2 59 23 63 21
750 21 103 722
13 267 21 161 490
26 — 21 — -
31 53 23 48 18
32 51 22 45 18
33 53 22 53 20
34 60 22 80 26
35 118 22 554 80
46 750 21 103 722
55 118 22 554 80
58 267 21 161 490
1344 900 25 60 484
1345 200 25 98 234
1346 — 25 — —
1347 116 23 434 56
1348 200 25 98 234
1349 900 25 60 484
2636 53 23 48 18
2637 51 22 45 18
2638 53 22 53 20
2796 116 23 434 56
2797 59 23 63 21
2798 60 22 80 26

The data, represented in Tables 3 and 4, make it pos-
sible to make following conclusions:

1. Values of vertical displacements of points within a
boundary of a mine working, arranged within argilla-
ceous shale, are almost 1—2 mm units. Horizontal dis-
placements of the points are 20—700 times less than ver-
tical ones.

2. Vertical displacements, calculated within a plane
deformation model, are less than those, determined
within a plane stress model. Relative divergence is
20—25 %.

3. It turned out to be impossible to determine similar
regularity for horizontal displacements. Divergence be-
tween horizontal deformations, determined with the
help of different calculation models, varies within
59—900 %. Table 5 demonstrates the results of displace-
ment determinations of a mine working arranged within
sandstones (or limestones) for such actual values as E =
=40 000 MPa and v = 0.3, and such reduced values as
E=43956 MPa and v=0.43.

Table 6 demonstrates divergence between the dis-
placements, determined with the help of different ana-
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Iytical models calculated by formula (5), and those, cal-
culated by (6).

Note: Table 6 should be considered together with
Table 5.

It follows from Tables 5 and 6 data that:

1. Vertical displacements within a boundary of a
mine working, arranged in sandstones (or limestones)
are of tenths of a millimetre. Horizontal displacements
of the points are 20—650 times less than vertical ones.

2. Vertical displacements, calculated with the help of a
plane deformation model are less than those, determined
using a plane stress model; relative divergence is 21—25 %.

3. Divergence of values of horizontal deformations is
53—900 % if different calculation models are used.

Table 7 shows the displacements, obtained for a
mine working, arranged within marble (granite). Actual
values are £=60 000 MPa and v=0.3; reduced ones are
E=65934 MPa and v=0.43.

Table 8 demonstrates divergence between the dis-
placements, determined with the help of different ana-
lytical models, and calculated by formula (5), and those,
calculated by (6).

Table 5
Calculated displacements of the mine working boundary
Displacements, mm
Node Plane stress state Plain deformation
2 0.011 —0.692 0.027 —0.56
7 -0.009 -0.873 —-0.001 -0.72
13 -0.005 —0.888 —-0.002 -0.74
26 0 —0.893 0 -0.74
31 0.015 —0.720 0.032 —0.59
32 0.016 —-0.745 0.034 -0.61
33 0.014 —-0.769 0.031 -0.63
34 0,010 —-0.795 0.025 -0.65
35 —-0.002 —-0.831 0.009 —0.68
46 0.009 —0.873 0.001 -0.72
55 0.002 —0.831 —-0.009 —0.68
58 0.005 —-0.888 0.002 —-0.74
1344 -0.010 -0,603 -0.001 -0.48
1345 -0.006 —-0.586 -0.002 —-0.47
1346 0 —0.580 0 -0.46
1347 —-0.001 —0.651 0.009 —-0.53
1348 0.006 —-0.586 0.002 -0.47
1349 0.010 —-0.603 0.001 -0.48
2636 -0.015 -0.720 -0.032 -0.59
2637 -0.016 -0.745 —-0.034 -0.61
2638 -0.014 -0.769 -0.031 —-0.63
2796 0.001 —0.651 —0.009 -0.53
2797 —-0.011 —0.692 —-0.027 —0.56
2798 -0.010 -0.795 —-0.025 -0.65
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Table 6
Ratios between the calculated displacements

Table 7
Calculated displacements of the mine working boundary

Maximum relative Displacement ratios
Node divergence, % (times)
A, A, S pns Spnd
2 59 23 63 21
800 21 63 21
13 150 21 97 722
26 — 21 178 368
31 53 23 - —
32 53 23 48 18
33 55 22 47 18
34 60 22 55 20
35 122 22 80 26
46 800 21 416 76
55 122 22 97 722
58 150 21 416 76
1344 900 25 178 368
1345 200 25 60 484
1346 — 25 98 234
1347 111 23 — —
1348 200 25 651 59
1349 900 25 98 234
2636 53 23 60 484
2637 53 23 48 18
2638 55 22 47 18
2796 111 23 55 20
2797 59 23 651 59
2798 60 22 63 21

Note: Table 8 should be considered together with
Table 7.

Data, contained in Tables 7 and 8, makes it possible
to conclude the following:

1. Vertical displacements of a boundary of a mine
working, arranged in marble (granite) are of tenths of a
millimetre. In this context, horizontal displacements of
the check points are 20—550 times less than vertical ones.

2. Deformations, calculated with the help of a plane
deformation model, are less than those, determined us-
ing a plane stress model (relative divergence is 21—25 %).

3. Divergence between horizontal deformations, de-
termined using different analytical models, varies within
53—600 %.

Table 9 shows the displacements, obtained for a
mine working, arranged within basalt (quartzite). Ac-
tual values are £ = 100 000 MPa and v = 0.3; reduced
ones are £= 109 890 MPa and v =0.43.

Table 10 demonstrates divergence between the dis-
placements, determined with the help of different ana-
Iytical models, and calculated by formula (5), and those,
calculated by (6).
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Displacements, mm
Node Plane stress state Plane deformation
U, U, U, U,
2 0.007 —0.461 0.018 —-0.375
7 —-0.006 —0.582 —0.001 —0.481
13 —-0.004 —-0.592 —0.001 —-0.490
26 0.000 —-0.595 0.000 —-0.493
31 0.010 —-0.480 0.021 —-0.392
32 0.011 —0.496 0.022 —0.406
33 0.010 -0.513 0.021 —-0.419
34 0.007 —-0.530 0.017 —0.434
35 —0.001 —0.554 0.006 —0.455
46 0.006 —0.582 0.001 —0.481
55 0.001 —0.554 —0.006 —0.455
58 0.004 —-0.592 0.001 —0.490
1344 —-0.007 —-0.402 —0.001 —-0.322
1345 —-0.004 —-0.391 —0.001 -0.312
1346 0.000 —-0.387 0.000 —-0.309
1347 —0.001 —0.434 0.006 —-0.352
1348 0.004 —-0.391 0.001 —-0.312
1349 0.007 —-0.402 0.001 —-0.322
2636 -0.010 —0.480 —-0.021 —-0.392
2637 —-0.011 —0.496 —-0.022 —-0.406
2638 —-0.010 —0.513 —-0.021 —0.419
2796 0.001 —0.434 —0.006 —-0.352
2797 —-0.007 —0.461 —-0.018 —-0.375
2798 —-0.007 —0.530 —-0.017 —0.434

Note: Table 10 should be considered together with
Table 9.

It follows from Tables 9 and 10 that:

1. Vertical displacements of the considered points of
a boundary of a mine working, arranged in marble
(granite) are of tenths of a millimetre. In this context,
horizontal displacements of the points are almost
18—332 times less than vertical ones.

2. Vertical displacements, calculated within a plane
deformation model, are slightly less to compare with
those, determined using a plane stress model (relative
divergence is 21—25 %).

3. It turned out to be impossible to determine similar
regularity for horizontal displacements. Divergence be-
tween horizontal deformations, determined with the
help of different analytical models, is 50—133 %.

Figs. 3 and 4 demonstrate graphically the data from
Tables 2—10 calculated with the help of lower equality
(%).

Analysis of the data from Figs. 3, 4 helps conclude:

1. The use of the abovementioned calculation mod-
els (i.e. a plane stress model, and a plane deformation
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Table 8
Ratios between the calculated displacements

Table 9
Calculated displacements of the mine working boundary

Maximum relative Displacement ratios
Node divergence, % (times)

A, A, S pns Spnd

2 61 23 66 21
500 21 97 481
13 300 21 148 490

26 0 21 — -
31 52 22 48 19
32 50 22 45 18
33 52 22 51 20
34 59 22 76 26
35 117 22 554 76
46 500 21 97 481
55 117 22 554 76
58 300 21 148 490
1344 600 25 57 322
1345 300 25 98 312
1346 — 25 — —
1347 117 23 434 59
1348 300 25 98 312
1349 600 25 57 322
2636 52 22 48 19
2637 50 22 45 18
2638 52 22 51 20
2796 117 23 434 59
2797 61 23 66 21
2798 59 22 76 26

model) makes it possible to understand that maximum
divergence of calculation results takes place for horizon-
tal displacements (maximum absolute divergence is
900 %; mean square one is 370 %, Fig. 3). In this con-
text, it should be noted that for the considered cases,
horizontal boundary deformations are 18—600 times less
than vertical ones. Thus, the divergence affects total de-
formation moderately.

2. Vertical deformations within a mine working
boundary differ to a far lesser degree; however, even
such divergence is quite essential (maximum absolute
divergence is 25 %; mean square one is 23 %, Fig. 3).

3. In terms of vertical displacements of a mine work-
ing boundary, dependence of error upon rock deforma-
tion properties is almost non-available; it looks like a
horizontal line being practically parallel to an absciss
(Fig. 4).

4. Calculation of extended mine workings should in-
volve analytical model of a plane deformation since the
errors, obtained for horizontal displacements and verti-
cal displacements of a mine working boundary are quite
significant.
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Displacements, mm
Node Plane stress state Plane deformation
U, U, U, U,

2 0.004 -0.277 0.011 -0.23
7 —-0.003 —0.349 0.000 -0.29
13 —-0.002 —-0.355 —0.001 —-0.29
26 0.000 —-0.357 0.000 —0.30
31 0.006 —0.288 0.013 -0.24
32 0.007 —-0.298 0.013 -0.24
33 0.006 -0.308 0.012 -0.25
34 0.004 —-0.318 0.010 -0.26
35 —-0.001 —0.332 0.003 -0.27
46 0.003 —0.349 0.000 -0.29
55 0.001 —-0.332 —0.003 -0.27
58 0.002 —0.355 0.001 -0.29
1344 —-0.004 —-0.241 0.000 -0.19
1345 —-0.002 —0.234 —-0.001 -0.19
1346 0.000 —-0.232 0.000 -0.19
1347 —-0.001 —-0.261 0.004 -0.21
1348 0.002 —0.234 0.001 -0.19
1349 0.004 —-0.241 0.000 —-0.19
2636 -0.006 —0.288 -0.013 —0.24
2637 —-0.007 —-0,298 —-0.013 -0.24
2638 —0.006 —-0.308 —-0.012 -0.25
2796 0.001 —-0.261 —-0.004 -0.21
2797 —-0.004 -0.277 —-0.011 -0.23
2798 —-0.004 —-0.318 -0.010 -0.26

Further research involved consideration of analytical
model of rock mass, containing extended (i. e. unlimited
towards 0, axis) mine working with the use of spatial
analytical model having finite length, height, and width.
The research is important for adequate SSS modelling
of objects which stiffness characteristics vary cyclically.
For instance, such a situation takes place if metal (or re-
inforced concrete) frame, anchor or combined support
is mounted uniformly in a mine working [10] as well as a
combination of the listed support variations with rein-
forced concrete encasement [11].

In this case, central SSS of neighbouring “compart-
ments” will be identical; moreover, SSS changes along
its length (i.e. towards 0y axis) will take place within
each of the “compartment”.

In this context, SSS will vary cyclically along the
mine working at reasonable distance from its ends with-
in sections being perpendicular to 0y axis.

To solve such problems, it is necessary to consider
spatial elements of rock mass-mine working system which
are in a plane deformation state. Hence, further research
studied box units (Fig. 5).
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Table 10
Ratios between the calculated displacements

Maximum relative Displacement ratios
Node divergence, % (times)

A, A, S pns Spnd

2 64 23 69 20
— 21 116 -

13 100 21 178 294
26 - 21 — -
31 54 23 48 18
32 46 23 43 19
33 50 23 51 21
34 60 22 80 26
35 133 22 332 91
46 — 21 116 —
55 133 22 332 91

58 100 21 178 294
1344 — 25 60 -

1345 100 25 117 187
1346 — 25 — —
1347 125 24 261 53

1348 100 25 117 187
1349 - 25 60 -
2636 54 23 48 18
2637 46 23 43 19
2638 50 23 51 21
2796 125 24 261 53
2797 64 23 69 20
2798 60 22 80 26

In the course of the numerical experiment, displace-
ments within a boundary of a mine working were com-
pared in terms of a plane deformation of rock mass
(Fig. 1), and in the context of a spatial deformation.

1000
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1.5 6.5
Rock elasticity modulus , 106 MPa

-t -2

Fig. 3. Divergence between horizontal displacements cal-
culated using different analytical models:

1 — maximum divergence; 2 — the same, mean square ones
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Fig. 4. Divergence between vertical displacements calcu-
lated using different analytical models:

1 — maximum divergence; 2 — the same, mean square ones

B=66m

B=66m ‘

Fig. 5. Analytical model to determine SSS of an extended
mine working “compartment”

To achieve close to a plane deformation state in case
two (Fig. 5), the following connections were applied to
the rock mass fragment surface within nodes of volume
elements:

- along a lower edge (0yyplane) — prohibition against
displacement towards 0, axis;

- along the side edges within 0,y plane — prohibition
against displacement towards 0y axis;

- along the side edges within 0,y plane — prohibition
against displacement towards 0 axis.

Understructure units with 36 x 36 m dimensions
were considered.

Thickness of the units was 0.33, 1.0, and 4.0 m (sizes
one and two correspond to minimum and maximum
spacing of metal frame support mounting; the last one
corresponds to maximum spacing of anchor support
TOWS).

Width and height of finite elements (i.e. their dimen-
sions towards 0y and 0y axes) were taken as those being
equal to a metre. Maximum divergence and average di-
vergence of boundary displacements between corre-
sponding analytical models, represented in Figs. 1, 5,
and calculated by (3), are represented in Figs. 6, 7.
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Fig. 6. Divergence between horizontal displacements, cal-
culated with the help of different analytical models:

1, 3, and 5 — maximum divergence; Rows 2, 4, and 6 — the
same, mean square ones
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Fig. 7. Divergence between vertical displacements, calcu-
lated with the help of different analytical models:

1, 3, and 5 — maximum divergence; 2, 4, and 6 — the same,
mean square ones

Analysis of curves in Figs. 6, 7 helped conclude that
divergence between initial data, calculated with the help
of Table 1 and analytical model, represented in Fig. 5, as
well as the initial data, calculated with the help of Ta-
ble 2 and analytical model, represented in Fig. 1, is less
than 1 %.

The abovementioned helped conclude that the ana-
Iytical model, represented in Fig. 5 and the proposed
system to arrange connections makes it possible to mod-
el SSS under the conditions of a plane deformation us-
ing a spatial fragment of infinite structure. It has become
possible owing to the fact that displacements of nodes of
rock block were excluded towards 0, axis while introduc-
ing additional connections; hence, a state of a spatial
fragment of mine working, close to SSS of a plane defor-
mation, has been achieved (Fig. 5).

Conclusions. The approach, stated in the paper,
helps adopt an adequate analytical model being ade-
quate to calculate SSS of extended underground mining
objects whose stability is provided with the help of
frame, anchor, combined frame-anchor, complete rein-
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forced-concrete, reinforced equally distanced sequenc-
es of anchors, and combined reinforced- concrete and
anchor supports.
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AHaJi3 po3paxyHKOBMX CX€M NPH BHUpillleHHi
32124 reOMeXaHiKu y MPYXHiii MOCTAHOBLI
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HauioHanbHuii TexHiYHUI yHiBepcuTeT ,,JIHimpoBCchbKa I0-
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Mera. [IpoBecTu MOpiBHSJIBHUIA aHANi3 pe3ysibTa-
TiB BM3HAYEHHSI HAIPYy>KEHO-Ie(OPMOBAHOTO CTaHY
(HJC) rippnunx BUpOoOOK HETJIMOOKOTO 3aKJIaieHHS 3
BUKOPUCTAHHSIM PO3PaXyHKOBUX CXEM IJis 3agad y
MPYXHili TOCTaHOBII.

Metoauka. MeToau MexaHiKM TipChbKMX TOPif.
Metoau aHati3y pe3y/abTaTiB TEOPETUUHUX PO3PAXYH-
KiB 1 YMCEJIbHUX €KCIIEPUMEHTIB i3 3aCTOCyBaHHSIM
MCE.

Pe3yabraTn. OGTpyHTOBAHO aJITOPUTM PO3PAXYHKY
HC nopoaHoro macuBy, 110 BMIIIly€ TIPOTSKHY Tip-
HMYY BUPOOKY. ¥ X0O/Ii UMCeTbHOr0 eKCIIePUMEHTY M0~
Ka3aHo, 110 IIJIsST BU3HAYCHHS TIepeMilllcHh Ha KOHTYPi
BUPOOKM CIIiJ pO3IJIAIAaTH CTaH TUIOCKOI Aedopmaririi.
BcTraHoBneHO, 110 BUKOPUCTAHHS i3 Ii€EI0 METOIO
TUIOCKOTO HAIIPY>KEHOT'0 CTaHy IMPU3BOIUTH O CIIO-
TBOPEHHS 3HAaYeHb MepeMilllieHb KOHTYpPY BUPOOKMU B
MOPiBHSIHHI 3 1X TOYHMMU 3HAYEHHSIMU. 3pOOJIEHO
OCHOBHMIT BUCHOBOK TIPO T€, IO IISIXOM PO3CTaHOB-
KM 3B’S13KiB 32 IEBHUMMU MpaBUIaMU JJIs1 BUPILLIEHHS
JlaHOi 3aJadi 3 PO3paxXyHKOBOIO CXEMOIO OOMeEXeHOi1
JNIOBXWHU CTOCOBHO O0’€KTY IOCIiIKeHb HOIYCTUME
BUKOPUCTAHHS BiMOBIAHOI TPUBUMIPHOI (ITPOCTOPO-
BOI) 3a1adi.

HaykoBa HoBu3Ha. BcTaHOBJIEHI PO30iXKHOCTI MixX
nepeMilleHHSIMU KOHTYPY TPOTSIKHOI BUPOOKM,
poO3paxoBaHMMM B paMKaX pPO3PaXyHKOBHUX CXeM
MJI0CKOI0 HaTpy:KeHOTO cTaHy (HabOJMXeHa po3pa-
XYHKOBa cxeMa) i Tiockoi aedopmalii (TouHa po3-
paxyHkoBa cxeMa). [TokazaHo, 110 IpU PO3paxyHKY
MPOTSKHUX TipHUUYUX BUPOOOK CJifi BUKOPHUCTOBY-
BaTU PO3pPaxyHKOBY CXeMYy TIOCKO1 aedopmMallii, 1110
anekBaTHO BigoOpaxae HJIC cucremu ,,OpoaHUIA
MacuB — BUpoOOKa®“, B IHIIOMY BUMAAKY IMOXMOKU
PO3paxyHKiB MOXYTh cTaHOBUTHU Oijibiie 100 % mis
TOPU3OHTATBHUX i 25 % NI BepTUKATbHUX TTepeMi-
IICHb.

IIpakTnuna 3HaymmicTh. OTpuUMaHi pe3yabTaTH
JO3BOJISIIOTH OOIPYHTOBAHO IMpPU3HAYATU PO3paxXyH-
KOBi CXeMHU IJI TPOTSKHUX BUPOOOK, KOPCTKiCHI
BAACTUBOCTI KPIiTJIEHHS SIKMX TIEPiOAMYHO 3MiHIO-
10Tbcd. Ile MoXyTh OyTH, HampuKjad, TipHUYI BU-
POOKM, CTIMKICTh i 1ehOPMATUBHICTh IKUX 3a0e3I1e-
YYETHCSI PAaMHUM, aHKEPHMM, KOMOIHOBAaHUM paM-
HO-aHKEpPHUM, CYLIiJbHUM 3aJi300€TOHHUM, TMOCHU-
JICHNMH pO3CTaBJICHUMH 4epe3 PiBHI BimcTaHi psaa-
MU aHKepaMu i TOMY MOAIOHMMM KOHCTPYKLIisSIMU
KpIiMaeHHSsI.

Kimowosi ciioBa: npomsiscna eupobka, nopoduuii macus,
Hanpyxcenuil cman, degpopmauyis, 2eoMexaHiyHa modens
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AHAIM3 pacyeTHBIX CXeM MPH pellleHu: 3a1a4
reOMeXaHWKH B YNPYroi mocTaHoBKe
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A. B. Xarumenouk
HanuoHanmbHBI TeXHUYECKUI YHUBEpPCUTET ,,JIHETIpOB-
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Hean. I[TpoBecTu cpaBHUTEIBHBINM aHAIU3 PE3yJib-
TaTOB OINpeAesIeHUs] HaNpsKeHHO-Ie(POPMUPOBAHHO-
ro coctosgHus (HIC) ropHbIX BIpaOOTOK HEMTyOOKO-
TO 3aJI0KEHUS C UCTIOIb30BaHUEM PACUCTHBIX CXEM JIJIST
3a/a4 B yIIpyroi ITOCTaHOBKE.

Metoauka. MeToabsl MeXaHUKU TOPHBIX TTopo. Me-
TONBI aHAJIM3a Pe3yIbTaTOB TEOPETUUECKUX PACUETOB U
YUCJCHHBIX 3KCIIEpPUMEHTOB ¢ ipuMeHeHueM MKE.

Pesyabratei. O6ocHOBaH anroput™M pacuera HIIC
MOPOJHOTO MacCcUBa, BMELIAIOLIETO MPOTSIKEHHYIO BbI-
paboTKy. B Xoze ynciieHHOro AKCIepruMeHTa IMoKa3aHo,
YTO JUISl OTpeAeSeHUs TepeMEeleHU Ha KOHTYpe Bbl-
paboTKH clieAyeT pacCMaTpUBaTh COCTOSIHME TJIOCKOM
necdopMalMi. YCTaHOBJIEHO, YTO MCITOJb30BaHUE IS
JMAHHOW 1EeMW IUIOCKOTO HAMpPSKEHHOTO COCTOSIHUS
MPUBOOUT K WCKAXCHUIO 3HAYCHUM TepeMeIleHUI
KOHTYpa BEIPaOOTKHM IT0 CPABHEHUIO C X TOYHBIMHU 3Ha-
yeHnsIMH. CrejlaH OCHOBHOI BBIBOI O TOM, UTO ITyTEM
pPacCTaHOBKU CBSI3€H 10 OMpeaeICHHBIM TTpaBUjIaM IIJIsT
pELIeHMs paccMaTpMBAaeMOM 3a0a4u C paCUYCTHOM CXe-
MOl OTpaHWYEHHOM JUIMHBI IPUMEHUTEIBHO K OOBEKTY
HCCIENOBaHUI NOIMYyCTUMO HCIOJIb30BaHUE COOTBET-
CTBYIOLLICH TpeXMepHOI (IMTPOCTPaHCTBEHHOI) 3aa4K.

Hayunasi HoBU3HA. Y CTaHOBJIEHbBI PACXOXKIEHUS MEX-
JIy TIepeMeIleHUsSIMM KOHTYpa MPOTSZKEHHOM BBIPaOOT-
KU, PACCYNTAaHHBIMU B PAMKaX paCUETHBIX CXEM TTOCKO-
TO HAIPSKEHHOTO COCTOSTHUST (TTPUOJIVDKEHHAsT pacyueT-
Hasl CxeMa) U IJI0CKOM AehopMaliuu (ToYHAas pacyeTHast
cxema). [TokaszaHoO, 94TO TIpHM pacueTe MPOTSIKEHHBIX TOP-
HBIX BEIPA0OTOK CJICAYET UCIIOIh30BaTh PACUETHYIO CXE-
My IITIOCKOI nedopMaliiu, KOTopast aieKBaTHO 0ToOpa-
xkaet HJIC cuctembl ,,[TIOPOIHBII MACCUB — BBIPAOOTKA™,
B IIPOTUBHOM CJTyJae MOTPeIIHOCTU PacyeTOB MOTYT CO-
cTaBisATh 6osee 100 % myist ropu3OHTAIBHBIX U 25 % 1ist
BEPTUKATbHBIX TTEPeMEILICHUA.

IIpakTiyeckas 3HaYMMOCTb. [loydeHHbBIE pe3ylib-
TaThl MO3BOJISIIOT OOOCHOBAHHO Ha3HAYaTh pacyeTHbIE
CXEMBI JUISI TIPOTSDKEHHBIX BBIPAOOTOK, SKECTKOCTHBIE
CBOICTBA KPEMU KOTOPBIX NMEPUOANYECKU U3MEHSIOT-
csl. DTO MOTYT ObITh, HAIPUMEP, TOPHBIE BHIPAOOTKMU,
YCTOMYMBOCTD U Ie(POpMaTUBHOCTH KOTOPBIX 00ecTIe-
YUBACTCSI PAMHBIMU, aHKEPHBIMU, KOMOMHUPOBAaHHBI-
MM paMHO-aHKEPHBIMM, CIUIOIIHBIMU KeJIe300€TOH-
HBIMU, YCWICHHBIMU PAcCTaBICHHBIMU Yepe3 paBHbBIC
pPACCTOSTHUS psSilaMU aHKEPOB U UM MOJO0OHBIMU KOH-
CTPYKLIMSIMU KPEIIEHA.

KimoueBble clioBa: npomsicennas evipabomka, no-
DPOOHbBLIL Maccus, HANPANCEHHoe cocmosnue, deghopmayus,
2e0MexXaHu4ecKkas Mooenb

Pexomendosano 0o nybaikauii 0okm. mexH. HayK
1. O. Cadosenkom. Jlama naoxoducenns pyxonucy 02.12.17.

ISSN 2071-2227, Naukovyi Visnyk NHU, 2019, N 1



